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2DES Two-dimensional electronic spectroscopy  
77 K Cryogenic temperature (liquid nitrogen) 
α-DM α-D-dodecyl maltoside 
β-DM β-D-dodecyl maltoside 
ATP Adenosine triphosphate 
ATPase ATP synthase 
Chl  Chlorophyll 
Car Carotenoid 
CD Circular dichroism 
CS Charge separation 
CT Charge-transfer 
Cyt b6f Cytochrome b6f 
DAS Decay associated spectrum 
EADS Evolution associated decay spectrum 
EAS Evolution associated spectrum 
ETC Electron transport chain 
EET  Excitation energy transfer 
FaRLiP Far-Red Light Photoacclimation 
Fd Ferredoxin 
FFT Fast Fourier-transformation 
FNR Ferredoxin-NADP-reductase 
FRET Förster Resonance Energy Transfer  
FRL Far-red light 
FROG Frequency-resolved optical gating  
FWHM Full width at half maximum 
HPLC  High-performance liquid chromatography  
IC Internal conversion 
IRF Instrument response function 
ISC Inter-system crossing 
LHCI Light-harvesting supercomplex of PSI 
LHCII Light-harvesting supercomplex of PSII 
Lhca Light-harvesting complex (single protein) of PSI 
Lhcb Light-harvesting complex (single protein) of PSII   
NADP Nicotinamide adenine dinucleotide phosphate 
OD Optical density 
P680 The chlorophyll special pair of PSII 
P700 The chlorophyll special pair of PSI 
PAR Photosynthetically active radiation  
PBS Phycobilisomes 
PC Plastocyanin 
PSI Photosystem I 
PSII Photosystem II 





RC Reaction center 
RT Room temperature 
SAS Species associated spectrum 
SVD Singular value decomposition 
TCSPC Time-correlated single photon counting 










Oxygenic photosynthesis is the fundamental process by which energy from sunlight is 
stored as chemical energy in organic compounds. This process forms the basis for our food 
supply and is responsible for our main source of energy in the form of fossil fuels. 
Oxygenic photosynthesis has led to the oxygenation of the atmosphere. The following 
equation summarizes the process of photosynthesis: 
 
6 CO2 + 6 H2O 
Sunlight
�⎯⎯⎯⎯�  C6H12O6 + 6 O6   (1) 
 
Solar energy is used to produce high-energy carbohydrates (e.g., glucose, C6H12O6) from 
low-energy carbon dioxide (CO2) and water (H2O), releasing oxygen (O2) as a byproduct. 
Although the full process is an extremely complex interplay of several sub-processes that 
involve different proteins and molecules, this equation serves as a basic representation of 
oxygenic photosynthesis. In 1804, based on the discoveries of the chemical compounds 
participating in photosynthesis in the 18th century,1 the first form of this equation was 
formulated: 
  
carbon dioxide + water + light  organic matter + oxygen  (2) 
 
In the 19th century, the chemical formulas for these compounds were determined and the 
reaction was balanced. In the 1930s, it was discovered that photosynthesis is a redox 
process2 that comprises oxidation and reduction reactions.3 In 1893, Charles Barnes 
introduced the term photosynthesis, which he defined as “the process by which carbon 
dioxide is converted into organic matter in the presence of the chlorophyll of plants under 
the influence of light.”4 This definition already acknowledged that chlorophyll (Chl) is a 
key molecule in this process. Initially, it was thought that each single Chl molecule can 
perform photosynthesis by itself. However, from careful quantitative measurements of O2 
production, it was concluded that only one molecule of O2 was produced per ~2500 Chls.5 
This finding led to the first distinction between Chls collecting sunlight (antennae) and Chls 
performing photochemistry (photoenzyme). In 1937, Gaffron and Wohl were the first to 
propose the concept of the photosynthetic unit as it is known now (photosystems), in which 
energy is transferred from pigment-to-pigment and eventually to the photoenzyme that 
performs photochemistry.6 In 1952, Louis Duysens proved the existence of the 
photoenzyme through absorbance change experiments and named it the reaction center 
(RC).7 The first hint of the existence of two photosynthetic units was the observation that 
the combined effect of two light beams with slightly different wavelengths resulted in a 
higher production of O2 than when the sum of the two beams was used separately (Emerson 




proposed by Robin Hill and Fay Bendall, forming the basis of the well-known Z-scheme 
energy diagram of photosynthesis.9 In the early 1960s, experimental work by L. Duysens 
demonstrated the antagonistic roles of Photosystems I and II in the reduction and oxidation 
of a cytochrome upon excitation with light of different wavelengths, providing the first 
proof for the hypothesis of two photosystems working in series.10,11  
 Photosynthesis is usually divided into two parts: “light” reactions and “dark” 
reactions. In the light reactions, sunlight is collected and part of the energy of the photons is 
stored as nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine 
triphosphate (ATP). In the 1960s, it was established that these molecules are involved in 
photosynthesis: ATP by D. Arnon and coworkers and Peter Mitchell12,13 and NADPH by  
D. Arnon, L. Tolmach, W. Vishniac and S. Ochoa, and L. Duysens and co-workers.14–17 In 
the dark reactions, also known as the Calvin–Benson cycle, ATP and NADPH are used in 
the fixation of CO2 into carbohydrates.18,19 
 
Light reactions 
The light reactions of photosynthesis are performed by four photosynthetic multiprotein 
complexes, namely Photosystem I (PSI), Photosystem II (PSII), cytochrome b6f (Cyt b6f), 
and ATP synthase (ATPase), which are embedded in the thylakoid membranes (Figure 1). 
In plants, the thylakoids are located in the chloroplasts, which are believed to be the result 
of endosymbiosis (i.e., the integration of a photosynthetic bacterium into a eukaryotic 
cell).1 During the light reactions, electrons are transferred linearly across the membrane 




Figure 1. Light reactions of oxygenic photosynthesis. The thylakoid membrane holds four large transmembrane 
photosynthetic complexes: PSI, PSII, Cyt b6f, and ATPase. The photosystems displayed here are from plants, with 
light-harvesting complexes attached (blue). Photon (hν) absorption is shown by oscillating arrows. Electrons travel 
from H2O to NADPH (solid arrows) via respectively PSII, PQH2, Cyt b6f, PC, PSI, Fd, and FNR. Protons are 
translocated to the lumen (dashed arrows) and used by ATPase to create ATP. The long dashed arrow from Fd to 





















The light reactions (Figure 1) start with the harvesting of sunlight by the pigments 
embedded in the photosystems. The energy absorbed by the antenna pigments is then 
efficiently transferred to the RC of the photosystems, where it is utilized for charge 
separation (CS). The electrons resulting from two subsequent CS events in the PSII RC, 
denoted as P680 (named after its absorption maximum at 680 nm), are used to reduce 
plastoquinone (PQ) to plastoquinol (PQH2). The oxidized P680+ is then reduced back by the 
electrons obtained from water molecules that were split by the oxygen-evolving complex. 
Oxygen (O2) is released as a byproduct, whereas the protons are released in the lumen. 
Then, PQH2 diffuses into Cyt b6f, which takes up the electrons that are subsequently used in 
the reduction of plastocyanin (PC). The protons from the oxidation of PQH2 are released 
into the lumen, which already contains protons  from the splitting of water. The reduced PC 
is subsequently transported to PSI. Similarly to PSII, in PSI, the light absorbed by antenna 
Chls is used in the PSI RC, denoted as P700 (named after its absorption maximum at 
700 nm), to conduct CS. The electrons coming from PSI are accepted by ferredoxin (Fd) 
and used by the ferredoxin-NADP-reductase (FNR) enzyme to reduce NADP+ to NADPH. 
The oxidized PSI P700+ is then reduced again by PC. During these processes, a proton 
gradient is created across the thylakoid membrane, which is used by ATPase to produce 
ATP. In conclusion, the sunlight absorbed by the two photosystems provides energy for the 
overall reduction of NADP+ into NADPH and the production of ATP by ATPase.  
  
The Scope of This Thesis 
 
In this thesis, we focus on the extremely efficient solar light-harvesting of the PSI complex. 
The aim is to understand the underlying molecular mechanisms of far-red light (FRL,   
700–800 nm) absorption and excitation energy transfer (EET) within PSI. This work 
encompasses two strategies underlying the FRL absorption of PSI in different organisms. In 
Chapters 2 and 3, the spectroscopic properties of the so-called “red forms” of the light-
harvesting antenna complex of plant PSI are studied. Chapters 4 and 5 focus on the 
enhanced FRL-harvesting properties of Chl f-containing PSI complexes, which are 
naturally found in cyanobacterial strains that employ a chromatic acclimation mechanism 











In the following section, the structure of PSI is discussed in more detail; thereafter, 
photosynthetic pigments and some fundamental physical aspects of light absorption are 
described. After the discussion of the spectroscopic properties of single pigments, an 
explanation of the properties of the pigments embedded within the photosystems, including 
pigment-pigment interactions, pigment-protein interactions, and EET, follows. Then, some 
basic principles of the two-dimensional electronic spectroscopy (2DES) technique used in 
Chapters 2 and 3 are presented, along with a brief explanation of (quantum) coherence. 
Finally, the last section discusses the red forms and FaRLiP mechanism in more detail, and 




With a quantum efficiency of nearly 100%, PSI is considered the most efficient energy 
converter in nature. This is a quite remarkable notion given that a PSI supercomplex can 
contain more than 200 pigments.21–23 In general, the assembly of a protein with pigments is 
referred to as a pigment-protein complex (PPC). The protein scaffold holding these 
cofactors closely together at specific distances and relative orientations (Figure 1) ensures 
that almost every single photon absorbed by PSI is converted into chemical energy. Such a 
high quantum efficiency is achieved because (i) the energy absorbed by the pigments is 
transferred very rapidly to the RC, (ii) the energy is not lost via alternative (faster) decay 
pathways (quenching), and (iii) the CS in the RC is largely irreversible.24 In general, a PSI 
supercomplex (Figure 2) can be roughly divided into two parts: (i) a PSI core complex, in 
which CS occurs in the RC, and (ii) peripheral (or outer) antennae that enhance the 
absorption cross section of the PSI complex.  
 
PSI core complex 
The structure of the PSI core complex (Figure 2A) is strikingly conserved among 
cyanobacteria, plants, and algae.21,22,25–27 Generally, the PSI core is a multiprotein PPC that 
consists of 11–14 polypeptides, which coordinate 89–96 Chls a, 22 β-carotenes, three Fe4S4 
clusters, and two phylloquinones.21,22,26,28–30 PsaA and PsaB are the largest protein subunits 
of PSI, containing the majority of the Chls a and the PSI RC. The other core subunits are 
important for the binding of other proteins (e.g., PC, Fd, and antenna complexes). Figure 
2B shows the organization of the pigments in PSI. The majority of the antenna pigments of 
the core, with the exception of two Chls, surround the PSI RC at a relatively large distance 





Figure 2. Structure of a PSI supercomplex of higher plants. (A) Model of PSI-LHCI from Pisum sativum with 
a resolution of 2.8 Å (Qin et al.21, PDB: 4XK8): assembly of proteins (different colors) and pigments (green and 
orange) shown from the stroma (top view). Four light-harvesting complexes (Lhca1-to-4, indicated) form the 
LHCI antenna complex of PSI. Other proteins, including the two major PsaA and PsaB proteins, are part of the 
PSI core. (B) Pigment organization with Chls in green and Cars in orange. The Chls forming the red forms (red) 
are encircled in red, and the RC is encircled in black. The RC cofactors are shown in yellow, dark red, blue, and 
green for P700, A−1, A0, and A1 (phylloquinones), respectively. (C) Inset showing the PSI RC, formed by PsaA and 
PsaB. 
 
The ETC of PSI consists of two semisymmetrical branches associated with PsaA and PsaB, 
each containing three Chls a (denoted as P700, A−1, and A0) and one phylloquinone (A1; 
Figure 2C). The CS process in the RC starts with the photoexcitation of the P700 Chls, also 
known as the special pair. These P700 Chls were originally considered to be the primary 
electron donor; however, more recently, it has been shown that the accessory Chl A−1 is 




secondary electron transfer step. However, the mechanism of CS in the PSI RC remains a 
topic of discussion.37,38 The electron that is initially on the primary acceptor A0 is 
transferred to Fd via A1 and the three Fe4S4 clusters (FX, FA, and FB).  
 As explained above, the energy of an excited antenna Chl is transferred very 
rapidly from pigment-to-pigment to the RC, where it is subsequently used for CS. The 
combination of these two steps is also referred to as excitation energy trapping. There has 
been a long-standing debate on whether the overall trapping time in PSI is dominated by the 
transfer of the excitation from the antenna Chls to the RC (migration-limited),37 or whether 
the energy transfer from the antenna is extremely rapid and the excitations populate P700 
several times before CS occurs (trap-limited).31 Alternatively, it has been proposed that the 
energy equilibration between the antenna pigments is ultrafast and that the overall trapping 
time is mainly determined by the relatively slow transfer to P700 (Figure 2B).39–41 In this so-
called transfer-to-trap limited model, CS occurs with an electron transfer time of 0.9–1.7 ps.  
 
Light-harvesting complex I of plants  
In contrast to the structure of the core complex, which is highly conserved across different 
photosynthetic organisms, there are a wide variety of peripheral antenna systems.20 In 
plants and green algae, the antennae are composed of members of the light-harvesting 
complex (Lhc) family. These proteins have highly conserved amino acid sequences and 
three-dimensional structures,42 and their pigment organizations are very similar.21,22,43 In 
plants, the main antenna system of PSI, called light-harvesting complex I (LHCI), consists 
of four subunits (Lhca1-to-4) organized as heterodimers (Lhca1-4 and Lhca2-3) in a 
crescent-shaped belt on one side of the PSI core, forming the PSI-LHCI supercomplex 
(Figure 2A).21,22 Each Lhca protein (weighing 20–24 kDa) consists of three transmembrane 
α-helices, with an additional amphipathic helix at the luminal side (Figure 3). The proteins 
hold 14–15 Chls and three carotenoids (Cars): lutein, violaxanthin, and β-carotene (in the 
binding sites L1, L2, and N1, respectively). Lutein (L1) and violaxanthin (L2) form a cross 
at the center of the complex, whereas β-carotene is located at a peripheral binding site (N1) 
close to the respectively adjacent positioned Lhca subunit. Notably, an additional lutein has 





Figure 3. Structure of Lhca4  from higher plants. Model of Lhca4 structure (Qin et al.21, PDB: 4XK8) with the 
protein (gray), Chls a (green), Chl b (blue), β-carotene (orange), lutein (yellow), and violaxanthin (magenta). The 
two red-colored Chls (i.e., Chls a603 and a609) form the characteristic red forms. 
 
In general, the main purpose of the LHCs is to increase the absorption cross 
section of the photosystems and transfer the energy of the absorbed photons to the RC for 
photochemistry.20,44 However, these complexes can also be important factors in 
(photo)protective and/or acclimation mechanisms.20,45  
 
Pigments 
A large variety of pigments is found in the different photosynthetic organisms that are 
currently known, all having (slightly) different chemical and spectroscopic properties and 
absorbing different parts of the sunlight spectrum.20 Photosynthetic pigments are divided 
into three major classes: Chls, Cars, and bilins. The PSI and PSII core complexes, as well 
as the Lhcs of higher plants and green algae, only contain Chls and Cars (Figures 4A and 
4B). Bilins are used in the light-harvesting antennae, also called phycobilisomes (PBSs), of 







Figure 4. Molecular structure of pigments from PSI and their absorption spectra. These are all the pigments 
associated with the different PSI complexes investigated in this thesis. The absorption spectra are normalized to 
the maximum absorption in the blue (Soret) region. The absorption spectra of Chl a, Chl b, Chl d, Chl f, and        
β-carotene (80% acetone extracts) are used to determine relative pigment contents.46  
 
Generally, Chls consist of a substituted porphyrin ring with a long phytol chain 
(Figure 4A). The porphyrin ring holds a magnesium ion (Mg2+) in the center, which 
coordinates to a residue of the protein. The alternating single and double bonds in the 
porphyrin ring result in high delocalization of the π-electrons, leading to strong absorption 
of light in the blue and red parts of the visible spectrum. Green light, however, is hardly 
absorbed, which is why leaves appear green to us. In nature, five different Chls are used in 
oxygenic photosynthesis (Chls a, b, c, d, and f); these Chls differ in the functional groups 
(R2, R3, and R7) of the porphyrin ring (Figure 4A). Such small differences in the structure 
of Chls lead to a change in their absorption properties (Figure 4C).20 (Bacterio-)Chls are the 
main pigments in all photosynthetic organisms. The high tunability of their absorption 
properties makes them suitable for organisms living in various natural environments with 
widely different light qualities.20 Tuning the absorption properties can maximize the energy 
collection efficiency of these photosystems under specific light conditions.47  
Cars are pigments consisting of a long polyene chain that is usually capped with 
ring structures at each end (Figure 4B). Similarly to Chls, the delocalization of the polyene 
electrons over the entire molecule results in the absorption of visible light in the range of 
400–550 nm. Depending on their specific structure and concentration, their color ranges 


















Chl a CH3 CH=CH2 CH3
Chl b CH3 CH=CH2 CHO
Chl d CH3 CHO CH3
Chl f CHO CH=CH2 CH3
X Y



















Absorption of light by pigments can be described physically by the transition of an electron 
into a higher-energy electronic state (Figure 5).1,48 During this transition, a redistribution of 
the electron density within the molecule occurs. This electronic excitation occurs instantly 
on the time scale of the nuclear motions (Franck-Condon principle), meaning that the 
transition may also include a change in the vibrational energy level. According to the 
Franck-Condon principle, this transition depends on the overlap of the vibrational 






The Chl absorption can be explained theoretically using a four-orbital model.49 In this 
model, only the two highest occupied molecular orbitals (HOMOs) and lowest unoccupied 
molecular orbitals (LUMOs) are considered. Absorption of light with different wavelengths 
can be assigned to various possible HOMO-LUMO transitions along either the x-axis or the 
y-axis of the molecule (Figure 4A). This results in two low-energy Q-band transitions, Qx 
and Qy, and two high-energy transitions, Bx and By (Soret bands), for Chls. The central 
wavelengths and transition dipole strengths of these four transitions highly depend on the 
substitutions on the porphyrin ring and symmetry of the molecule.1,20 For Cars, the S0–S1 
transition (from the ground state, S0, to the first excited state, S1) is forbidden, andexcitation 
leads to the population of the second excited state (S2). 
After excitation, the pigment rapidly relaxes to the lowest vibrational level of the 
electronic excited state (Figure 5). Then, the pigment can decay further in several ways: 
fluorescence, internal conversion (IC), or intersystem crossing (ISC). Fluorescence occurs 
when the pigment falls back to the electronic ground state upon emitting a photon. This 
Figure 5. Energy level diagram 
(Jablonski diagram) and transitions of 
pigments. The diagram shows the 
ground state (S0), the first (S1) and nth 
(Sn) electronic excited states, and the 
triplet state (T1). The first set of 
vibrational states (ν0 to ν3) is displayed as 
dotted lines. Transitions are displayed 
with arrows: absorption (solid), IC 
(dashed), ISC (solid), fluorescence 
(green), and phosphorescence (orange). 





























emitted photon is slightly red-shifted (Stokes shift) from the absorbed one as it falls back 
from the relaxed lowest vibrational level of the first excited electronic state to a higher 
vibrational level of the electronic ground state. Alternatively, the pigment may lose its 
energy via IC and release it as heat. In general, ISC involves a change in the spin state of 
the excited electron in the pigment. Electronic spins within a molecule are usually paired, 
resulting in a net spin of zero, which is called the singlet state. In ISC, the spin of the 
excited electron flips, the net spin becomes one, and the molecule is said to be in a triplet 
state. This excited triplet may fall back to the ground state by emitting a photon 
(phosphorescence). However, this transition is usually very slow, as it involves a change in 
the spin state (forbidden). Generally, Chl pigments in the triplet state can react with 
molecular oxygen (which is naturally in the triplet state), forming damaging singlet-state 
oxygen (1O2). Cars can both quench these hazardous triplet excited states of Chls and 
scavenge the already produced 1O2 by accepting and dissipating the energy as heat (IC). By 
determining the absorption and fluorescence properties, several details of the other 
processes of decay (photochemistry, photoprotection) within the system of interest 
(pigments, PPCs, thylakoids, chloroplasts, etc.) can be investigated.  
 
Excitonic interactions and excitation energy transfer 
 
In photosynthetic complexes, multiple pigments are located very close together in the 
protein matrix. The electronic states of a pigment bound in a protein binding-site depend 
not only on its chemical structure but also on its interactions with its direct environment 
within the protein. Most important are the pigment–pigment interactions with nearby 
pigments. Pigments also interact with the surrounding protein residues (and possibly 
embedded water molecules). Notably, the formation of hydrogen-bonds between the Chls 
and protein amino acids and/or nearby charged residues can induce shifts in the absorption 
spectra. Thus, as a result of these interactions, the electronic structure of the pigment in the 
protein is significantly different from that in solution (in water or an organic solvent). 
Pigments interacting with each other can transfer the excitation energy to each other. 
Moreover, EET between pigments is very rapid, outcompeting Chl fluorescence and other 
nonradiative processes. As a result, the energy absorbed by antenna pigments is very 









There are several types of pigment–pigment interactions, with the most important 
being the coulombic, or electrostatic, interactions. The following equation represents the 
interaction energy, or coulombic/electrostatic coupling, of two neighboring pigments in 
point-dipole approximation50: 
 





 with 𝜅𝜅𝜅𝜅 =  ?̂?𝜇𝜇𝜇1 ∙ ?̂?𝜇𝜇𝜇2 − 3 ∙ (?̂?𝜇𝜇𝜇1 ∙ ?̂?𝑟𝑟𝑟12) ∙ (?̂?𝜇𝜇𝜇2 ∙ ?̂?𝑟𝑟𝑟12),   (3) 
 
where V12 is the interaction energy (cm−1), 𝜇𝜇𝜇𝜇1����⃗  and 𝜇𝜇𝜇𝜇2����⃗  are the transition dipole moments of 
the pigments, ε is the permittivity of the dielectric medium, and R12 is the intermolecular 
distance (nm). In this equation, κ is the orientation factor, where ?̂?𝜇𝜇𝜇1 and ?̂?𝜇𝜇𝜇2 are the 
normalized vectors for the transition dipole moments and ?̂?𝑟𝑟𝑟12 is the normalized distance 
vector. This equation shows that the interaction energy strongly depends on the relative 
distance and orientation of the two pigments. In general, energy transfer between molecules 
can be described by a mechanism called Förster resonance energy transfer (FRET).51–54 In 
this mechanism, the energy transfer rate between the donor and acceptor is given by the 
Förster equation: 
 












∙ 𝐽𝐽𝐽𝐽(𝜈𝜈𝜈𝜈)  
         (4) 




where RDA is the donor-to-acceptor distance, 𝜏𝜏𝜏𝜏𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 is the excited-state lifetime of the donor in 
the absence of the acceptor, κ is the dimensionless orientation factor, N is Avogadro’s 
number, c is the velocity of light, n is the refractive index of the surrounding medium, εA(ν) 
is the molar extinction coefficient of the acceptor, and fD(ν) is the fluorescence spectrum of 
the donor normalized to unity on a frequency scale. In this mechanism, energy transfer 
depends on the square of the interaction energy (V12) and on the spectral overlap of the 
emission of the donor and absorption of the acceptor J(ν). Figure 6A shows EET by means 
of FRET, in which the excitation hops from the donor to the acceptor. For intermolecular 
distances larger than a few nanometers, this equation accurately provides the energy 
transfer rates between the pigments.20 The excitation is localized on one of the molecules, 









Figure 6. EET and formation of exciton states in an excitonically coupled dimer. (A) Pigment-to-pigment 
EET by means of FRET after the absorption of a photon by an antenna pigment. After the excitation reaches the 
RC, the energy is used for CS. (B) If two pigments with similar energies are close to each other and have strong 
excitonic coupling V12, then the excited states mix and form new exciton states. Exciton states are superpositions 
of the local excited states of each pigment and are delocalized over both pigment sites. The energy levels are split 
with a value of 2V12 and may collectively be lowered in energy (and become red-shifted) with ΔE. (C, D) The 
dipole strengths of the exciton states depend on the relative orientation of the two pigments. 
 
For smaller distances, other effects become important and have to be included. In 
the regime of strong interactions (strong coupling regime), the electronic excited states of 
individual pigments start to mix, leading to the formation of new excited states called 
excitons. These exciton states, which are formally quantum superpositions of local excited 
states from the participating pigments, are delocalized over the two (or more) 
chromophores and have different energies (Figure 6B). The energy difference between the 
exciton states is 2V12, and the states are often collectively lower in energy (ΔE). The 
relative dipole strength of these excitonic transitions depends on the angle between the 
transition dipole moments of the individual pigments.50 For a system of two isoenergetic 
pigments, the transition dipole strength is purely angle-dependent: 𝐷𝐷𝐷𝐷12 = 𝑑𝑑𝑑𝑑(1 ± cos(𝜃𝜃𝜃𝜃)), 
where d is the transition dipole moment strength of the individual pigments and θ is the 
angle of these moments relative to each other.50 When these pigments are parallel and in 
line (“head-to-tail”; Figure 6C), the dipole strength of the lowest-energy transition becomes 
maximal (2d), whereas that of the higher transition becomes zero (forbidden). In contrast, 
for stacked and parallel-oriented pigments (Figure 6D), the high-energy transition has the 
maximum 2d dipole strength and the low-energy one is forbidden. Both the interaction 
energy and energy transfer of these strongly interacting pigments can be described 
accurately by the Redfield theory.55 In contrast to the Förster theory, in this method, all 
coulombic interactions are included in the calculation of the delocalized excitons 
specifically. In photosynthetic complexes, the pigments are on average approximately       
9–12 Å apart from each other, resulting in an array of strongly coupled pigments 





























pigments, forming excitonic clusters. Besides the strong coulombic interactions, several 
other types of interactions (noncoulombic interactions or interactions with the surrounding 
protein and solvent) contribute to the energy transfer dynamics and spectroscopic properties 
of photosynthetic complexes. As a result, neither the Förster theory nor the Redfield theory 
provides a completely accurate description of these properties within photosynthetic 
complexes. 
It should be noted that the surrounding residues of the protein matrix not only 
induce shifts in the absorption spectra but also affect the bandwidth of the transitions. At 
physiological temperatures, the protein is in constant motion. Electronic states can interact 
with low-frequency (up to 1700 cm−1) vibrational modes (phonons) of the protein.55,56 This 
electron-phonon coupling, with its strength given by the Huang-Rhys factor, causes 
temperature-dependent homogeneous broadening (Γhom). Moreover, proteins can exist in 
many different conformations. Hence, within an ensemble of PPCs, a pigment in a specific 
protein binding site experiences (small) protein conformational changes. This leads to a 
distribution of slightly different transitions, causing inhomogeneous broadening (Γinhom) of 
the PPC absorption/emission bands. The total broadening is given by Γtot2 = Γhom2 + Γinhom2, 
with Γtot being equal to the full width at half maximum (FWHM) of the absorption/emission 
band. 
 
Boltzmann equilibrium and detailed balance 
In nonisoenergetic pigments, the EET to the pigment with the lower energy (downhill) is 
always faster than that to the high-energy pigment (uphill), as in the former case the overlap 
integral is larger. At equilibrium, the ratio between the forward (𝑘𝑘𝑘𝑘1→2) and backward 
(𝑘𝑘𝑘𝑘2→1) rate constants is determined thermodynamically by the Gibbs free energy  
difference, namely ∆G12 = G2 − G1 = −𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇 ∙ ln (𝑘𝑘𝑘𝑘1→2/𝑘𝑘𝑘𝑘2→1) = ∆H12 − T ∙ ∆S12, under 
constant pressure, where kb is the Boltzmann constant, T is the absolute temperature (K), 
and ΔH12 and ΔS12 are the changes in enthalpy and entropy, respectively. In the case of two 
pigments, ΔS12 is zero and ΔG12 is directly related to the energy difference of the states. 





) and is highest for the state with the lowest energy. When multiple 
pigments with the same energy level exist, a change in entropy, that is, ∆S12 = −kb ∙
ln (N1/N2), which depends on the sizes of the Chl pools N1 and N2 (Chls with isoenergetic 





). Here, EET to a larger Chl pool positively contributes to the entropy, 
which in turn negatively affects the change in the Gibbs free energy (ΔG12). Following this 
equation, excitation can spontaneously be transferred uphill in energy if it involves a 
sufficiently large gain in entropy. This detailed balance depends on the temperature: at 




increases. Spectroscopic experiments at cryogenic temperature (77 K) are often performed 
to obtain detailed information on EET in these complexes. At these temperatures, more 
excitations are transferred to the lowest-energy states and uphill EET is suppressed. An 
additional advantage of spectroscopic experiments at low temperatures is that the bands 
become narrower because of the suppression of the temperature-dependent homogeneous 
broadening. This increases the spectral resolution of the experiment and allows bands of 
different pigments that overlap at room temperature (RT) to be better distinguished. It 
should be noted, however, that the degree of delocalization of the excited states might be 
affected by lowering the temperature. 
 The detailed balance demonstrates that a large PPC such as PSI can hold several 
pigments with excited states lower in energy than the RC, from which excitations can be 
trapped relatively quickly by the RC after uphill EET to a higher-energy Chl a state. 
However, if the number of these Chls is too large, the excitations will stay longer in the 
low-energy sinks. In this case, the probability that the excitation (and energy) will be lost 
by an alternative/competing pathway of decay increases. An increased loss of energy means 
a lowering of the PSI quantum efficiency of trapping/photochemistry. This proves that the 
RC trapping rate and quantum efficiency are inversely dependent on the relative content of 
low-energy states.39 The absorption of additional low-energy photons by PSI with a large 
number of low-energy states will be favorable if this energy is not subsequently lost. 
Moreover, the trapping efficiency from low-energy states depends not only on the number 
of low-energy states but also on their location and connectivity to the other Chls in PSI, as 
well as on external factors such as temperature. 
  
Two-dimensional spectroscopy and coherence 
 
Generally, 2DES is a technique suitable for studying the coupling of pigments in 
photosynthetic complexes. This technique aims to measure the emitted photon-echo signal 
resulting from the third-order optical response of the system by interaction with a sequence 
of three subsequent ultrashort and spectrally broad laser pulses (excitations) that are 
delayed in time in a controlled manner (Figure 7A).57,58 In the experiment, this photon-echo 
signal ES(τ,T,ωt) is measured for different coherence (τ) and population (T) times between 
the three pulses. The low-intensity fourth local oscillator (LO) pulse interferes with the 
signal, creating an interferogram that is measured (heterodyne detection59–62) in the 
frequency domain ωt by a spectrograph and charge-coupled device. A third-order optical 
response function S2D(ωτ,T,ωt) with a coherence axis in the frequency domain ωτ is gained 
by performing a Fourier transformation of the photon-echo signal along τ. For a given 
population time T, the function S2D describes the correlation between ωτ and ωt. By 
considering the notion that ωτ can be treated as the excitation axis and ωt as the emission 
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axis, a basic understanding of this 2D spectrum can be obtained: a 2D spectrum is a map 




Figure 7. 2D spectroscopy of a model strongly coupled electronic dimer system. (A) Pulse sequence utilized in 
the 2DES experiment with the definition of the time variables. (B) A system of two strongly coupled pigments, A 
and B, with different energies. The excited states are mixed, forming two delocalized exciton states, AB− and AB+. 
(C) In a 2D spectrum, mixing results in signature cross-peaks at T = 0. Both inhomogeneous and homogeneous 
broadening can be determined from the shape of the 2D signal. The amplitude oscillations of the 2D signal as a 
function of T indicate the presence of coherence. 
 
As an example of a strongly coupled system, we consider a model dimer system of 
two strongly interacting pigments (as in Figure 6B) with excited states of different energies, 
shown in Figure 7B. The two exciton states are delocalized over the two pigment sites, and 
the pigments share the ground state. At T = 0, before the evolution of the system, cross-
peaks indicate the presence of coupled states with correlated excitation and emission 
(Figure 7C): the excitation of one of the exciton states bleaches the transition of the 
other.63,64 In contrast, for a system of two uncoupled pigments, only the two diagonal 
signals are observed.  
Spectral evolution of 2D spectra as a function of the population time T provides 
information on the excited-state dynamics of the system. Because of the correlation of 
excitation and emission (resulting in the second dimension), 2D spectra contain more 
information than other time-resolved spectroscopy techniques, such as pump-probe 
transient absorption and time-resolved fluorescence. The second dimension of the 2D 
spectra can be useful in the investigation of complex systems with highly congested 
spectra. Moreover, EET between the exciton states is observed directly as the emergence of 
cross-peaks. The position of the signal indicates the participating donor (excitation) and 
acceptor (emission) states. Furthermore, using the shape of the bands, a distinction between 
inhomogeneous and homogeneous broadening can be made, which can provide information 








































The ultrashort pulses used in 2DES are spectrally very broad and not only excite 
the two exciton states but also create coherent superpositions of exciton states. These so-
called coherences acquire a phase and are, therefore, observed in the 2D spectra as signals 
oscillating as a function of T (Figure 7C). Notably, the oscillation frequency is equal to the 
frequency difference (energy difference) between the participating eigenstates (AB− and 
AB+ in Figure 7). Moreover, the interactions of the many pigments inside the PPCs result in 
a complicated excited-state landscape that consists of many different exciton states along 
with their vibrational satellite states, which are all covered by the broad band of the 2DES 
pulses. Initially, it was believed that the oscillations observed in 2DES experiments have 
originated from coherences created by two purely electronic states, that is, a wave packet 
(coherence) oscillating between the two exciton states. Alternatively, a superposition of 
many vibrational substates associated with the ground and excited state, which is 
delocalized over the nuclear coordinates, can be created (vibrational coherence). In between 
these cases arises a more probable situation for photosynthetic PPCs, in which, rather than 
by pure electronic states, coherence is created by a superposition of mixed electronic-
vibrational (vibronic) states.65 Here, the participating excitonic states are coupled to each 
other via vibrational satellite states.66 When the energy of an intramolecular vibrational 
mode is close to the energy gap (resonant) of the vibronic states, the excitation of the 
vibronic state can promote the creation of vibronic coherence.67,68 Assignment of 
coherences to specific pigments and determination of the physical origin of recorded 
coherences are often very challenging.  
 
Photosynthesis beyond the red limit: absorption of far-red light 
 
The part of the solar spectrum utilized in oxygenic photosynthesis is called 
photosynthetically active radiation (PAR), which ranges from 400 to 700 nm. The limit on 
the long-wavelength (700 nm) side of the PAR is constituted by the absorption of P680 
(680 nm) and P700 (700 nm) in the PSII and PSI RCs, which represent the energies 
necessary for photochemistry. This limit was first observed in 1943 by Emerson et al.69 as a 
rapid decrease (or “red drop”) in the quantum yield of oxygen production when exciting in 
the region above 700 nm. Extending the PAR over this red limit is an important approach 
for the global goal of improving crop productivity to meet the increasing global demands 
for food production.70–72 An expansion of the PAR towards 750 nm would result in 19% 
more photons being available for photosynthesis.72 
 
The red forms 
The term “red limit” implies that FRL above 700 nm cannot be used for photosynthesis. 
However, in reality, a small fraction of these photons are absorbed by the Chl “red forms” 
of PSI and successfully utilized to perform photochemistry in the RC after uphill thermal 
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activation.73 The uphill EET from the red forms to the other (bulk) Chls follows the detailed 
balance (see Boltzmann equilibrium and detailed balance). The term “red forms” derives 
from the fact that these antenna Chls absorb photons with longer wavelengths (lower in 
energy) than the RC. Red forms are strongly coupled Chls a in PSI with very anomalous 
spectroscopic properties: strongly red-shifted and broadened absorption and emission bands 
and a large Stokes shift.40,74–76 These red forms originate from the mixing of the lowest 
exciton state of a strongly coupled Chl a dimer/trimer (see Excitonic interactions and 
excitation energy transfer) with a charge-transfer (CT) state.75,77,78 This mixing results in a 
mixed exciton-CT state with the transition dipole moment of the Chl a exciton (CT states 
are dark) and a significantly different static dipole moment from the Chl a electronic 
ground state due to the nonuniform electronic distribution of the CT state.78 In general, an 
exciton-CT state is characterized by a strong electron-phonon coupling (optical transitions 
in vibrational substates), causing large homogeneous broadening. Moreover, because of 
their static dipole moment, red forms are usually sensitive to small protein conformational 
changes, resulting in large inhomogeneous broadening as well. In general, CT states are 
often involved as intermediate states in the process of CS and electron transfer.79–81 In 
photosynthesis, they play a role in the mechanism of CS within the RC.79,82,83 
 Red forms are a general property of PSI in oxygenic photosynthesis, as they are 
present in PSI of cyanobacteria, plants, and green algae.40,74,76,84–86 They can be located in 
both the core and/or peripheral LHC of PSI; however, there is significant variation in terms 
of the red form content and location among different organisms. For example, in 
cyanobacteria, the red forms are exclusively associated with the PSI core complexes,39,40 
whereas in plants and green algae, the majority are located in LHCI.84 Several different 
roles have been attributed to red forms. For example, they are believed to be involved in 
photoprotection,45 extending light absorption into the FRL region,87 or directing EET by 
concentrating the excitations in the vicinity of the RC.44 However, the exact function of red 
forms in photosynthesis is still under debate.  
 
Red forms in PSI core complex 
In cyanobacteria, red forms are exclusively associated with PSI core complexes. 
Calculations of the excitonic interactions between antenna Chls, based on the PSI crystal 
structure, yielded candidate binding sites of red Chls in PSI.88–90 Despite the highly 
homologous structure of PSI, there is an enormous variation in the red form content 
between different cyanobacterial strains,39,40 ranging from three to 10 Chls per PSI 
monomer (3–10% of the Qy absorption). Several red Chl pools are common among 
different cyanobacterial strains. The absorption bands of these pools are centered at 708, 
715, 719, and 740 nm, with the number of contributing Chls per pool varying among 
strains.90–92 It has been found for many strains that trimeric PSI contains more red forms 




trimerization interface.39,86 As they are lower in energy than the RC, red forms can act as 
local traps for excitation. The slow uphill energy transfer steps from red forms strongly 
influence the average trapping time and efficiency of the PSI complex: the higher the red 
Chl content is, the longer it takes for an excitation to reach the RC on average. Among 
different organisms, the average trapping time in PSI ranges from ~14 ps (at RT) in the 
absence of red forms93,94 to 50 ps or longer for the PSI with the most red-shifted Chls.39,40,86 
However, a trapping time of 50 ps is still very fast and can outcompete other decay 
processes, meaning that the red forms efficiently extend the PSI absorption cross section.  
  
Red forms in plant LHCI 
The red forms in plants are mainly associated with the Lhcas (Figure 2B). These red forms 
are characteristic of Lhcas and are not found in any other member of the Lhc family.43 The 
unique spectroscopic properties of each Lhca can be attributed to small changes in the 
pigment organization due to minor structural differences of the protein. Subunits Lhca3 and 
Lhca4 contain the red forms with the lowest energy: the emission maxima of Lhca1, Lhca2, 
Lhca3, and Lhca4 at 77 K are 690, 702, 725, and 733 nm, respectively.95–97 However, the 
spectral properties of the functional heterodimers Lhca1-4 and Lhca2-3 are very similar.98 
Notably, extensive mutation analysis studies on the different Lhcas have yielded a great 
amount of information on the pigment content, organization, pigment–pigment and 
pigment-protein interactions, and spectroscopic characteristics of the subunits.97,99–105 The 
Chls responsible for the red forms in the Lhcas are Chls a603 and a609 (Figure 3). 
Mutation of the asparagine (Asn) residue coordinating Chl a603 into a histidine (His) leads 
to the loss of the red forms of Lhca3 and Lhca4.102 In contrast, the substitution of this His 
residue in Lhca1 by Asn results in a major red shift in the absorption and emission 
spectra.102 The Asn residue maintains Chl a603 in the right geometry for the strong 
interaction with Chl a609 that leads to the red forms.24  
From the high-resolution structure of the plant PSI-LHCI supercomplex,21–23 it has 
been shown that there is a large spatial gap between the pigments of the Lhcas and the core 
(Figure 2B). This limits the possible energy transfer pathways from LHCI to the core. 
Particularly for Lhca4, direct transfer to the core is expected to be difficult and part of the 
energy is probably transferred via Lhca1.21,30 In many of the proposed energy transfer 
pathways from the Lhcas to the core, energy has to flow via the red forms, making them 
low-energy gateways that the excitations need to pass (uphill in energy) to reach the 
RC.21,22 Several studies on EET from the Lhcas to the core within PSI-LHCI have been 
performed.84,106–110 With the association of LHCI, the overall PSI trapping time increases 
from ~20 ps for the PSI core to ~50 ps for PSI-LHCI (in vitro).84,106,108 Notably, the transfer 
time of excitations from Lhca3 and Lhca4 to the core (40 ps) is significantly slower than 
that from Lhca1 and Lhca2 to the core (10 ps).24,106,107 One study investigated the effect of 
the red forms of Lhca4 on the EET by studying a PSI-LHCI complex in which this subunit 
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was substituted with Lhca5. It was found that the absence of red forms in Lhca5 results in a 
significantly faster EET from this subunit to the core than for Lhca4.106 This finding proves 
that, similarly to the red forms in cyanobacterial PSI, the red forms in the Lhcas have a 
large influence on the transfer of energy from LHCI to the RC.  
Time-resolved fluorescence and transient absorption spectroscopy have been used 
to study EET within the monomeric Lhca complexes.104,111–114 It should be noted that 
energy equilibration between Chls in monomeric complexes occurs rapidly, within 
5 ps.111,112 Single-molecule spectroscopy has shown that Lhca4 can switch between two 
different conformations115: a “red” conformation with the characteristic broad emission 
(720 nm) of the red forms and a “blue” conformation with a narrower and blue-shifted 
(680–690 nm) emission band. This switching mechanism involves a protein conformational 
change that causes a change in the interpigment distance and/or relative orientation of the 
red form Chls (a603 and a609). The process affects the formation of the red form     
exciton-CT mixed state such that the red forms are lost in the blue conformation. The blue 
conformation has a relatively short excited-state lifetime of ~15 ps, whereas the excited 
state of the red conformation is longer-lived (2.7 ns lifetime).104,113 The contribution of fast 
decaying (15 ps) excited states is also observed in other complexes of the Lhc family. 
Mutations in specific residues of the Lhca protein lead to a change in the equilibrium 
between these conformations.102,104,113 It has also been shown that the quencher is 
independent of the red forms,113 and its exact identity is still unknown.  
 Involvement of the CT state in the Lhca excitonic landscape results in complex 
multicomponent EET dynamics, the origins of which are not yet fully understood. The 
mixed exciton-CT state underlying the Lhca red forms77,78 has a Huang-Rhys factor of 
three, which is the largest electron–phonon coupling found for any photosynthetic LHC.116 
Hence, instead of the purely electronic state with the vibrational ground state, higher 
vibrational substates are mainly populated upon the excitation of the red forms.50 This 
causes an extremely large Stokes shift between the red form absorption (λabs = 708/705 nm 
for Lhca4/Lhca3) and fluorescence emission (λem = 733/725 nm for Lhca4/Lhca3).77,78 
Moreover, the presence of different conformations indicates that the exciton-CT mixing is 
very dynamic. These aspects make it very challenging to correctly define the interactions 
and mixing of the CT state with the exciton states and also difficult to describe both the 
spectroscopic properties and energy transfer kinetics theoretically. In Chapter 2, Lhca4 is 
studied using 2DES to gain a better understanding of the role of exciton-CT mixing in the 
EET dynamics. Moreover, a complete picture of the energy transfer pathways leading to the 
population of the final trap (CT) within the Lhca4 complex is provided. In Chapter 3, we 
more thoroughly investigate the coherent mixing of the CT state with the excitonic 
manifold. We identify the coherences resulting from the exciton-CT mixing that could 





Far-Red Light Photoacclimation  
An extension of light-harvesting beyond the red limit has been identified in a selection of 
cyanobacterial strains. These organisms can synthesize far-red-absorbing Chls d (Qy λabs = 
696 nm in methanol; 702 nm in 80% acetone; Figure 4A) and f (Qy λabs = 706 nm in 
methanol; 702 nm in 80% acetone; Figure 4A). In 1996, the first of these cyanobacteria was 
discovered, the Chl d-containing Acaryochloris marina.117 Since its discovery in 1943, 
more than 50 years earlier, Chl d was believed to be present in only trace amounts in red 
algae.118 However, in A. marina, it has been observed that Chl d substitutes Chl a as the 
main pigment, constituting 90–99% of the total Chl content. This results in a Qy absorption 
that is mainly in the far-red region of the solar spectrum (700 < λ < 800 nm). 
Notably, PSI of A. marina has only one or two Chls a per complex, whose 
locations are still under debate.119,120 One theory is that the Chls a act as the primary 
electron acceptor A0.121,122 Both Chls of P700 are changed into Chl d, lowering the RC 
absorption to 740 nm (P740).119–121,123 Interestingly, this alternative PSI does not contain 
forms that are lower in energy than P740, with a majority of the Chl d antenna states being 
close in energy.119 Hence, the resulting trapping time of 50 ps is longer than that of Chl a-
containing PSI, which can be mainly attributed to the slower rate of CS in Chl d-containing 
PSI.124 Moreover, for PSII, at least one of the special pair Chls is Chl d, from which CS is 
initiated,125,126 resulting in a red-shifted absorption at 725 nm (P725).121,125–127 Notably, the 
energy of the CS state in P740 and P725 is 7–10% lower than that in the conventional P680 and 
P700 RCs. However, the  overall  energy storage  efficiency  of  photosynthesis in A. marina 
cells is very similar to that of cyanobacterial species with conventional photosystems 
containing exclusively Chl a.128 
 The most recently discovered Chl, Chl f129, and Chl d are part of a complex 
chromatic acclimation process active in several cyanobacterial strains, called FaRLiP.130,131 
This strategy allows cyanobacteria to grow in environments where light is filtered and 
highly enriched in far-red photons (700 < λ < 800 nm), such as soils, rocks, caves, 
microbial mats, and plant-shaded areas.130–134 The process is regulated by a highly 
conserved 20-gene cluster, which is activated by FRL.133 Currently, this cluster has been 
found in 12 cyanobacterial strains. In six of these strains, the production of long-
wavelength Chls has been experimentally confirmed.130,131,133 The acclimation encompasses 
an extensive remodeling of the photosynthetic machinery: (i) the protein subunits of PSI, 
PSII and the PBS are substituted by FRL-specific paralogs and (ii) the long-wavelength 
Chls d and f are synthesized and integrated into the newly formed FRL-PSI and FRL-PSII 
complexes. The Chl f synthase, which synthesizes Chl f from Chl a, is a paralog of the D1 
core subunit of PSII encoded by the FaRLiP psbA4 (chlF) gene.135 Although it has been 
shown that the Chl d content is affected significantly in deletion mutants of the PBS-coding 
apc genes,136 the enzyme responsible for the biosynthesis of Chl d remains unknown. In 
contrast to A. marina, Chl a remains the major pigment in both FRL-PSI and FRL-PSII 
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complexes of FRL-adapted cells. The FRL-PSI monomer contains seven to eight Chls f 
(8%), whereas in FRL-PSII, there are four to five Chls f (11.4–12.7%) and one Chl d     
(2.9–4.0%).137,138 The insertion of these long-wavelength Chls effectively enhances and 
extends the FRL absorption towards 800 nm.138,139 
 
The function of long-wavelength Chls f in FRL-PSI FaRLiP cyanobacteria 
In contrast to A. marina, in FaRLiP cyanobacteria, it is still uncertain whether in FRL-PSI 
any of the Chl a pigments of the RC has been substituted by Chl f, thereby functioning as 
cofactors in the ETC. Several spectroscopic studies have suggested that Chl f has 
substituted Chl a as the primary donor A−1, participating in photochemistry and effectively 
lowering the energy needed for CS.138,140 However, the recently published structures of 
FRL-PSI from two different FaRLiP strains show no evidence for the presence of Chl f in 
the RC.28,29 This means that the energy needed for CS remains unchanged (700 nm). In 
Chapter 4, we study FRL-PSI of various FaRLiP cyanobacteria using time-resolved 
fluorescence spectroscopy. According to the observed EET and trapping dynamics, we 
propose an alternative trapping mechanism for FRL-PSI that reconciles these seemingly 
contradicting literature reports. 
 
Introduction of Chl f in canonical PSI of a non-FaRLiP organism 
Characterization of the Chl f synthase and identification of its gene in the FaRLiP cluster 
allow the introduction of Chl f into non-FaRLiP organisms to extend their PAR into the far-
red region.141 Notably, the Chl f synthase has been successfully introduced into the non-
FaRLiP cyanobacterium Synechococcus sp. PCC 7002 via heterologous expression of the 
chlF gene.139,142 The Chl f pigments produced by the chlF-gene-expressing strains are 
inserted into PSI. However, it is still unknown how the low-energy Chl f states are 
functionally connected to the other Chls and the RC of PSI and how their presence 
influences the quantum efficiency of the CS of PSI. For an efficient extension of the PAR 
into the far-red region, it is important for the energy harvested by Chl f to be used for 
photochemistry and not lost in another decay process. In Chapter 5, time-resolved 
fluorescence spectroscopy is used to investigate the connectivity of integrated Chl f 
pigments with the other Chls, including the red forms, and the RC in PSI of this 





Complete mapping of energy transfer pathways in the plant light-





The Lhca4 antenna complex of plant Photosystem I (PSI) is characterized by extremely red-
shifted and broadened absorption and emission bands from its low-energy chlorophylls 
(Chls). The mixing of a charge-transfer (CT) state with the excited-state manifold causing 
these so-called red forms results in highly complicated multi-component excitation energy 
transfer (EET) kinetics within the complex. The two-dimensional electronic spectroscopy 
experiments presented here reveal that EET towards the CT state occurs on three 
timescales: fast from the red Chls (within 1 ps), slower (5–7 ps) from the stromal side Chls, 
and very slow (100–200 ps) from a newly discovered 690 nm luminal trap. The excellent 
agreement between the experimental data with the previously presented Redfield–Förster 
exciton model of Lhca4 strongly supports the equilibration scheme of the bulk excitations 
with the dynamically localized CT on the stromal side. Thus, a complete picture of the 
energy transfer pathways leading to the population of the CT final trap within the whole 
Lhca4 complex is presented. In view of the environmental sensitivity of the CT 
contribution to the Lhca4 energy landscape, we speculate that one role of the CT state is to 











This chapter is based on the following publication: 
Tros, M.; Novoderezhkin, V. I.; Croce, R.; Van Grondelle, R.; Romero, E.; Complete mapping of energy transfer 






Photosystem I (PSI) is one of the key elements in the photosynthetic process by which 
plants, algae, and cyanobacteria convert solar energy into chemical energy. In plants, this 
multi-pigment-protein complex consists of a core complex (PSI core) and an outer antenna 
composed of light-harvesting complexes (LHCI). The PSI core, with about 98 protein-
bound chlorophylls (Chls), contains the reaction center (RC) in which charge separation 
occurs. The LHCI enhance the PSI absorption cross-section, containing 57 Chls that 
transfer their excitation energy to the core.21,22,106,113 The LHCI of plants is composed of 
four subunits (Lhca1-4), which are organized as heterodimers (Lhca2-3 and Lhca1-4) on 
one side of the core.21,22 These subunits belong to the same large Lhc family which also 
includes the antenna complexes of Photosystem II (PSII), the Lhcbs.43 All these complexes 
have a nearly identical structure and very similar pigment organization.21,22,43 However, 
characteristic for the Lhca subunits is the presence of several red spectral forms absorbing 
at an energy lower than that of the primary donor P700. Interestingly, due to their position 
within the protein close to the core these red forms are part of the most probable energy 
transfer pathways of excitations from the light-harvesting subunits towards the 
core.21,43,84,108,143 The forms originate from the so-called “red Chls”, which have a 
significantly red-shifted and broadened absorption and fluorescence emission spectra 
(absorbing at 708 nm and emitting at 733 nm) compared to the “bulk Chl a” molecules in 
the antenna (absorbing up to 680 nm and emitting  up to 686 nm102). Particularly in Lhca3 
and Lhca4 prominent low-energy states are observed, with absorption and emission 
maxima respectively at 705 and 725 nm for Lhca3 and 708 nm and 733 nm for Lhca4.77 By 
means of site-directed mutagenesis of the Lhca proteins the excitonically coupled Chl a 
dimer a603-a609 was identified to be the location of the red-shifted states.97,99,101,102,144 
Specifically, the Asparagine (Asn) residues coordinating Chl a603 within Lhca3 and Lhca4 
are essential102: mutation of this residue into Histidine (His), which is the natural ligand for 
Chl 603 in the other Lhc subunits, results in the loss of the red forms.100,102,104 This mutant, 
Lhca4 N47H, has been used in several studies examining the properties of the red 
forms.77,104,115  
Based on fluorescence data,145 it was hypothesized that the red-shifted absorption 
and fluorescence originates from two different states. This was later confirmed by 
subsequent fluorescence line narrowing77 and Stark Spectroscopy experiments78 on Lhca4. 
The two bands have a central wavelength of absorption at 690 and 708 nm, and emission at 
705 and 733 nm.77 Furthermore, Stark spectroscopy showed that both these red forms 
originate from the mixing of the lowest Chl a exciton state delocalized over Chl a603-a609 
with a charge-transfer (CT) state of that dimer.78 The low-energy exciton-CT mixed state 
couples strongly with phonons, resulting in a homogeneously broadened and extremely  
red-shifted emission band. As a result, the Huang-Rhys factor of the red Chls is more than 
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three times larger than those of the other Chl a pigments within the antenna complex. The 
large coupling of the red forms to slow protein conformational motions results in the Lhcas 
having a very flexible energy landscape, showing reversible switching between 
conformations with and without red forms at room temperature (RT).115 This indicates that 
the mixing of the CT state with the excitonic manifold is highly dynamic and strongly 
dependent on protein structural changes. 
Due to the strong exciton-CT mixing in Lhca4, the quantitative description of its 
spectral properties is significantly more challenging than the modeling of pure excitonic 
spectra and dynamics. The high-resolution structure of the Lhca4 complex from Qin et al.21 
opened the possibility for the development of a quantitative theoretical exciton model 
which includes the CT state, which was done in a recent publication.146. The model was 
based on monomeric reconstituted Lhca4, containing 12 Chls (9 Chl a and 3 Chl b)   
(Figure 1). Using this model, a quantitative structure-based modeling of the 77 K steady-
state spectra (including absorption, linear dichroism, fluorescence, and Stark absorption) 
was performed. The fit of these spectra yields the model site energies, exciton couplings, 
disorder values and participation of the pigments in the adiabatic exciton states of all Lhca4 
pigments including the CT state.146 By including the strong exciton-phonon coupling of the 
mixed exciton-CT state, the resulting model was able to correctly describe all the spectral 
characteristics of the red forms (and the other excitons). To obtain realistic dynamics it was 
shown that these Chls should be divided over 9 compartments (cmRgF-9 scheme) 
(differently colored in Figure 1).147 The energy transfer between the weakly interacting 
compartments was modeled by means of generalized Förster (gF) theory, whereas transfer 
between strongly mixed Chls within a compartment was described by coherent modified 
Redfield (cmR). Comparison of calculations with the Redfield-Förster cmRgF-9 and exact 
hierarchical equation of motion (HEOM) methods shows that the CT state, as well as all the 
states within the strongly coupled clusters containing the CT state, should be treated as 
dynamically localized,147 that is, the mixing of the CT state with the low-energy Chl a 
states depends on reorganization dynamics of the phonon bath of the possible mixed states. 
Excitation near the crossing points of the potentials of the CT state and exciton/excited state 
can lead to an exciton-CT delocalized state. Subsequent reorganization towards the bottom 






Figure 1. Protein structure and pigment organization of monomeric reconstituted Lhca4. The structure and 
numbering of the Chls are from Qin et al.21 (PDB ID: 4XK8). Pigment organization of Lhca4 viewed 
perpendicular to the membrane normal (A) and from the stromal side of the membrane (B). The different 
compartments of Chl clusters used in the cmRgF-9 model are indicated in different colors. The three carotenoids 
are all shown in orange. Chls 601, 617, and 618 are not shown as they are not present in reconstituted Lhca4.146,147 
The dashed black line indicates the division between stromal (top) and luminal (bottom) sides of the protein. The 
CT state is located on the red form Chls, a603 (red) and a609 (dark red), and are encircled with a dashed red line 
in panel B. 
 
As it was shown in previous experimental studies,112,113,149 the participation of the CT state 
in the excitonic landscape of Lhca4 also results in increased complexity of the excitation 
energy transfer (EET) dynamics within the complex. It has been shown that equilibration of 
the energy harvested by Chls b and blue Chls a with the CT state is completed within a few 
ps.112 However, the multi-exponential character of the kinetics within Lhca4 was not fully 
understood yet at that point. Especially a slow 500 ps component, found in previous      
time-resolved experiments,104,111–113 could not be assigned to any specific energy transfer 
pathway.    
To disentangle these different EET kinetics in Lhca4 and investigate the role of the 
CT state in light-harvesting new experimental evidence is needed. Two-dimensional 
electronic spectroscopy (2DES) has proven to be a particularly useful technique to study 
photosynthetic complexes involving almost dark states such as CT states.67,150–154 
2DES155,156 is able to directly correlate absorption to emission frequencies, as function of 
population time between excitation and emission events. The second dimension within the 
spectra allows for a better decomposition of overlapping transient spectral bands.150 
Therefore, 2DES experiments on Lhca4 will give more insight into the multi-exponential 
kinetics of the states underlying the red forms. Here, we combine experimental 2DES data 
on the Lhca4 wild-type (WT) and N47H mutant at both RT and 77 K with the recently 
reported Redfield theoretical model147 to give a complete picture of the multiple energy 
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transfer pathways leading to the population of the final trap (CT) within the whole Lhca4 
complex for the first time. 
 
Materials and Methods 
 
Mutagenesis and Reconstitution 
The N47H mutant has been obtained by the site-directed mutagenesis, in which the  
Chl603-binding asparagine residue (N47) has been substituted by a Histidine (H).102,113 
Lhca4 WT and mutant N47H apoproteins overexpressed in E. Coli of the Rosetta2 (DH3) 
strain and purified as inclusion bodies.113 Reconstitution of Lhca4 WT and mutant N47H 
complexes was done as described previously for light-harvesting complex II (LHCII)157 
using the inclusion bodies and pigments (carotenoids and chlorophylls)  isolated from 
spinach leaves. The reconstituted complexes were subsequently purified by His-tag          
Ni-affinity chromatography and sucrose density ultracentrifugation.157 Ultracentrifugation 
was done on a 0.1–1 M sucrose gradient with 0.03% n-dodecyl-α-D-maltoside (α-DM), 10 
mM Hepes pH 7.8 at 41000 rpm (Beckman Coulter, SW41 rotor) at 4 °C for 18h. 
 
Steady-state spectroscopy 
Absorption spectra at RT were recorded on a Varian Cary 4000 UV-Visible 
spectrophotometer (Varian, Palo Alto, CA). For the 77 K absorption spectra a homebuilt 
device was used. Fluorescence spectra were recorded at 77 K and RT on a Fluorolog 3.22 
spectrofluorimeter (HORIBA JobinYvon-Spex, Longumeau, France). The sample was 
diluted to an optical density (OD) of <0.05 cm−1 at the Qy maximum at 680 nm. For 77 K 
measurements a liquid nitrogen cooled device was used (cold finger). 
 
2D Electronic Spectroscopy 
2D electronic spectroscopy experiments were performed on a home-built setup,151,152 which 
is designed as previously reported.57 The laser system (PHAROS, Light Conversion) was 
operating at a 1 kHz repetition rate. The laser pulses were generated by a home-built      
non-collinear parametric amplifier and tuned to a central wavelength at 715 nm with a full 
width at half maximum (FWHM) of 80 nm (Figure S1A). The temporal width of the pulses 
was determined with frequency-resolved optical gating (FROG) of the second harmonic 
(SH) signal of beams 1 and 2 generated by a barium borate  crystal. From the 
autocorrelation signal (Figure S1C) of the resulting FROG profile (Figure S1B) the FWHM 
of the used 2DES pulses was calculated to be ~15 fs. The pulse energy was set at 7 nJ per 
pulse and the spot diameter in the focus on the sample was ~100 μm. The emitted     
photon-echo was detected (in phase-matching direction) by the spectrograph and charge-
coupled device (Princeton Instruments, 1340x100 pixels, Δλt = 0.1 nm). A broad band 
pump-probe power study ensured no annihilation effects with the pulse energy employed. 
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The sample was measured in a quartz cuvette with a path length of 500 μm with an OD of 
0.25 cm−1 in the Qy absorption maximum. An oxygen scavenging mixture consisting of 
glucose oxidase 0.1 mg mL−1, catalase 0.05 mg mL−1, and glucose 5 mM was added to 
prevent sample degradation. The 77 K measurements were performed in a liquid nitrogen 
cooled cryostat (Optistat DN2, Oxford Instruments Nanoscience). To form an optical glass 
the 77 K sample solution consisted of 67% (w/v) glycerol.104 The solution was buffered 
with 10 mM Hepes pH 7.8 and contained 0.03% α-DM. For the 77 K 2DES experiments, 
the coherence time τ was scanned from −130 to 275 fs with 1 fs step for each population 
time T. The population time T was scanned from −24 to 1200 fs with steps of 8 fs. For the 
RT measurements, the coherence time τ was scanned from −80 to 100 fs with 1 fs step for 
each population time T. The population times T  were measured from −64 to 1600 fs with 
steps of 8 fs. Additional sets of spectra at longer population times were recorded at the 
following population times: Tstart-step-Tend = 1.3–0.1–2.0 ps (1.8, 2.0 ps for RT), 3.0–1.0–10 
ps, 20–10–100 ps, 250, and 500 ps.  
Processing and analysis of the 2D spectra was done using a homebuilt python-
based script. The 2D spectra were obtained by a protocol similar to the data-acquisition 
described previously.57 In short, the heterodyned photon-echo signal was isolated by 
subsequently applying a fast Fourier-transformation (FFT) and window function on the 
spectral interferograms. Following, the data is normalized to the shot-to-shot measured 
local oscillator, a FFT is applied to go back to frequency domain ωt, and a FFT along the 
coherence time τ yielded the excitation frequency axis ωτ. In the final step the phase of the 
spectra was retrieved by means of the projection slice theorem.57,158,159 The datasets were 
globally160 analysed with a sequential model, in which the data is fit with a set of  
exponential decays that describe the evolution of the entire 2D spectrum. In this model the 
first component decays with the first lifetime into the next component, the second 
component with the second lifetime, and so on. For a complete fit of the entire 2D datasets 
three components were necessary for both WT and the N47H mutant, yielding three      
two-dimensional evolution associated decay spectra (EADS) with their corresponding 
lifetimes (which were all fitted in the analysis).  
 
Theoretical model 
The used theoretical model of Lhca4 consists of 13 states: 9 Chls a (602-604, 609-614),      
3 Chls b (606-608), and the CT state. The exciton couplings have been calculated from the 
structural data21 in the point-dipole approximation. The absolute values of the transition 
dipole moments are 4.0 and 3.4 D for Chls a and b, respectively.146 We used the 
unperturbed site energies of the 13 states corresponding to the E2 set from Novoderezhkin 
et al.146. Coupling to slow conformations of the complex was accounted for using a 
Gaussian distribution with a FWHM of σ (static disorder). The disorder values determined 
from the fit are σ = 96, 67, and 144 cm−1 for Chls a, Chls b, and CT states, respectively.     
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A spectral density in the form of a single Brownian oscillator with 48 high-frequency 
vibrations was used, similar to the model of LHCII.161 The damping constant γ0, coupling 
strength λ0 and total Huang-Rhys factor S (the S factor has been adjusted by uniform 
scaling of all the couplings to vibrations λm, where m =1−48) were adjusted.146 For Chls a 
these adjusted values are: γ0 = 40 cm−1, λ0 = 200 cm−1, S = 0.84. For Chl b and the CT we 
assumed the same shape of the electron-phonon spectral density, with couplings (λ0, λm) 
that are 0.8 and 3.2 times that of Chl a, respectively.146 For the calculation of the dynamics 




The 2DES spectra of the Lhca4 WT and N47H mutant samples were measured at room 
(RT, 298 K) and cryogenic temperature (77 K). The experimental data measured at RT 
represents better the physiological working conditions of the complex. However, the 
enhanced resolution of the 77 K spectra allows for a better interpretation of the 2D data and 
identification of the underlying physical differences between the two samples investigated. 
Figure 2 shows the 77 K absorption (solid) and 77 K emission (dashed) spectra of the 
Lhca4 WT and N47H mutant samples together with the spectral profile of the broadband 
laser pulses used in the 2DES experiments.  
 
Figure 2. Steady-state absorption and fluorescence spectra of Lhca4 WT and N47H mutant at cryogenic 
temperature. 77 K absorption (solid) and emission (dashed) spectra of Lhca4 WT (black) and mutant N47H (red). 
Emission spectra were recorded after excitation with 475 nm light. Absorption spectra are normalized to the area 
within the 600–780 nm region. The emission spectra are normalized to the absorption, and then scaled to one at 
the N47H fluorescence maximum to facilitate the visualization of the spectra. Spectrum of the laser pulses utilized 
in the 2DES experiments is shown in blue, and scaled with FWHM at 1 to indicate that the laser spectrum covers 




The large Stokes shift (~55 nm or 1160 cm−1, from absorption—maximum at 673 nm to 
fluorescence—maximum at 730 nm, Figure 2) and the large broadening of the main 
emission band in WT are signatures of the mixed exciton-CT red form state.162–164 At 77 K 
the emission of Lhca4 WT, dominated by the broad band centered at 730 nm, originates 
mainly from the red forms. In contrast, at RT (Supplemental Figure S2) a smaller Stokes 
shift and a larger emission shoulder at 686 nm are observed, which can be ascribed to 
energy equilibration between other Chl states and the red forms. The absence of the red 
absorption shoulder (>700 nm) and of the broad red-shifted emission band (~730 nm) in the 
N47H mutant indicates the loss of the red forms. Only an emission shoulder at ~700 nm 
remains, which was seen in previous studies77,102 and assigned to some weakly interacting 
CT states present in a small fraction of N47H mutant complexes.146   
The laser pulses employed in the 2DES experiments (Figure 2 and Figure S2) were 
optimized to probe both the low-energy  Chl a Qy states (~680 nm) as well as the broad red 
form band (~730 nm). The Chl b pigments (~650 nm) were not excited in these 
experiments. Figure 3 shows the 77 K real rephasing 2D spectra at three different 
population times T.  
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Figure 3. Real rephasing 2D spectra of Lhca4 at cryogenic temperature and selected traces. A) 77 K 2D 
spectra of WT (top) and N47H mutant (middle) Lhca4 at population times T = 200 fs, 5 ps, and 50 ps. Transient 
kinetics of several diagonal (B) and anti-diagonal points (C) of the 77 K 2D spectra of WT (squares) and N47H 
mutant (triangles). The position of the chosen points is indicated in the zoomed-in 50 ps 2D spectra. The diagonal 
traces are normalized to the diagonal peak signal at (B) T = 200 fs and 50 ps (C). The insets of (B) and (C) show 
the original traces, with a linear scale for early population times T = 0–2 ps and a logarithmic scale for the range T 
= 2–50 ps. 
The elongated diagonal feature centered at [λτ,λt] = [680,682] nm in the early population 
times (T = 200 fs) for both WT and mutant corresponds to the ground state bleach (GSB) 
and stimulated emission (SE) prior to reorganization/energy transfer dynamics of the 
initially excited exciton states. The significant broader signals along the diagonal for the 
WT sample as compared to the mutant at all T times are due to a fraction of the red forms 
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being directly excited. The larger broadening in the anti-diagonal direction is also clearly 
observed in all the 2D spectra of the WT. Coupling of the exciton and exciton-CT mixed 
state to vibrations results in a complicated manifold of many excitonic and vibronic states 
contributing to these 2D spectra.68,165 Moreover, the enhanced coupling of the CT state to 
slow and fast nuclear motions (slow conformational changes and fast vibrations) causes a 
high degree of inhomogeneous (disorder-induced) and homogeneous163,166 (phonon-
induced) broadening of the red form states,146 respectively. The T = 5 ps spectrum of the 
WT sample shows an evident rise in the below-diagonal signal, indicating population of the 
red forms by EET from the lower energy Chl a excitonic state(s) in a few ps. In the N47H 
mutant spectrum, a similar below-diagonal rise is not observed, in agreement with the 
absence of the CT state. Instead, the excitation energy remains in the initially excited Chl a 
exciton state. In the WT, in the T = 50 ps spectrum the disappearance of the diagonal signal 
at [λτ,λt] = [680,682] nm and the appearance of a distinct cross peak  at [λτ,λt] = [677,690] 
nm with a red tail extending up to 750 nm indicates the complete depopulation of the 
initially excited Chl a exciton states and the subsequent population of the terminal lowest 
energy red form state (Figure 3B, red and 3C, grey). Furthermore, the presence of another 
diagonal peak centered at 690 nm, which becomes clear as the 680 nm signal decays, with a 
tail extending both on the diagonal and below diagonal indicates the presence of another 
long-lived red trap (the 690 nm trap). Energy transfer from this additional trap towards the 
exciton-CT state, causing the signal below the [688,690] nm diagonal band, occurs on a 
slow tens of ps timescale. In the N47H mutant, the lack of CT states produces a dominant 
680 diagonal peak with only a small shoulder at [λτ,λt] = [672,685] nm below-diagonal. The 
absence of EET to CT determines the relatively high amplitude of the above diagonal 
negative excited-state absorption (ESA) signal in the 50 ps 2D spectrum.167 The long-lived 
diagonal signal at 690 nm is present also in the mutant, however it is not discernible from 
the main 680 nm band in the 2D spectra (see the trace at [688,690] nm in Figure3B). The 
similarity with the WT is more clearly seen after normalization to the [680,682] nm 
diagonal signal at T = 200 fs (Figure 3B): the two traces at [688,690] nm for the WT and 
N47H mutant overlap. Due to a higher degree of spectral broadening at RT, the spectral 
changes in the 2D spectra at different times T (Supplemental Figure S3) are less 
pronounced than in the 77 K spectra. However, similar features can be observed, the most 
important being the EET towards the red forms on a picosecond timescale.  
In order to get a more thorough understanding of the dynamics and spectral 
evolution within the complexes, the transient kinetics at all points [λτ,λt] were 
simultaneously fit to a sum of exponentials in a global analysis using a sequential model.160 
With this analysis, the different decaying spectral species and their lifetimes can be 
separated (Figure 4). For WT the entire 2D kinetics could be fitted by a sum of three global 
exponentials, with respective lifetimes of 550 fs and 6.5 ps, and a long-lived component 
that did not decay within the measured range of T (1 ns). The high resemblance between the 
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fitted curves and the measured traces as shown in several representative points [λτ,λt] 
indicates that the dynamics within the 2D data are well captured by the global analysis 
procedure (Figure S4). The addition of a fourth component resulted in two identical 
components with the same lifetime and EADS, indicating that no more than three spectral 




Figure 4. Global analysis of the 2D spectral evolution. Two-dimensional evolution associated decay spectra 
(EADS) of Lhca4 WT (top) and N47H (bottom) obtained in the global analysis of the entire 2D dataset (real 
rephasing). Respective decay time constants are indicated above each spectrum, the last decay time could not be 
accurately determined. 
 
The 2D EADS with their respective decay lifetime are displayed in Figure 4. For the WT, 
the first fast component with a lifetime of 550 fs is assigned to equilibration among the 
excited Chl a exciton states. The EADS of the slower 6.5 ps component also shows a decay 
of Chl a excited states. The spectral signature corresponding to the EET from the lower 
energy Chl a excitonic state(s) to the exciton-CT state appears as an elongated cross-peak 
below diagonal ([λτ,λt] = [675, 685–740] nm). This signature starts to develop in EADS2, 
observed as a significant broadening in the signal towards this wavelength range, and is 
completed in EADS3. As was already seen in Figure 3, the long-lived component also 
features the signal of the 690 nm trap at [λτ,λt] = [688,690] nm. For the N47H mutant 
similar decay lifetimes are obtained in the global analysis. Also here the evolution of the 
2D spectra are properly described by the three components (Figure S4). As was seen in the 
50 ps 2D spectrum (Figure 3) a small shoulder from the diagonal was observed. However, 
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this signal is located closer to the diagonal ([λτ,λt] = [672,685] nm) and significantly 
narrower than the cross-peak signal in the WT sample.   
To investigate whether the developed Redfield-Förster cmRgF-9 
compartmentalization scheme for the Lhca4 theoretical model and the resulting calculated 
energy transfer dynamics147 are consistent, in the following we compare the measured 
2DES kinetics as well as the kinetics from the global analysis to the dynamics calculated 
with the theoretical model (see Materials and Methods).  
In Figure 5 the measured and calculated kinetics at the cross-peak [680,730] nm 
(also shown in Figure 3C, yellow) are compared. This point corresponds to the transfer 
from bulk Chls a (peaking near 680 nm) to the red form (giving the maximum of the 
steady-state emission near 730 nm146) and is therefore the most relevant point to investigate 
the dynamics of EET from bulk Chls a to the CT state. The calculated kinetics (purple) 
overlap very well with the 2D data (black). The excellent agreement between experimental 
and modelled kinetics shown in Figure 5, brings us to conclude that our current model is 
able to capture the details of the EET in Lhca4 including the presence and population 




Figure 5. 2DES kinetics (real rephasing) at [680,730] nm for Lhca4 WT at 77 K. Measured data is shown by 
black points and the global analysis of the full 2D spectra is shown in the blue line. Calculated kinetics (magenta 
line) obtained by the cmRgF-9 Redfield-Förster model with averaging over disorder. In the model Chl clusters 
a602-603, a610, a611-612, and a613-614 were initially excited. All the parameters (site energies, exciton 
couplings, electron-phonon spectral density, disorder value, etc.) are the same as in our current model of Lhca4 
(Materials and Methods).146 
 
To understand in more detail the dynamics of the CT population and the origin of the 690 
nm trap, it is useful to compare the kinetics calculated upon different initial conditions, that 
is, the kinetics considering selective excitation of the different Chl pools within the model 
shown in Figure 6.  
2




Figure 6. Energy transfer pathways in Lhca4 leading to the population of the CT state. The structure and 
numbering of the Chls are from Qin et al.21 (PDB ID:4XK8). (A) Pigment organization of reconstituted Lhca4 
viewed perpendicular to the membrane normal like in Figure 1B. The different compartments of Chl clusters used 
in the cmRgF-9 model are indicated in different colors: Chl a602-603 (red), a609 (dark red), a611-612 (green), 
a610 (dark green), and b608 (blue) for the stromal side and a604-b606 (cyan), a613-614 (magenta), and b607 
(blue) for the luminal side.147 The three carotenoids are all shown in orange. The dashed black line indicates the 
division between stromal (top) and luminal (bottom) sides of the protein. The red form Chls (location of CT state), 
a603 (red) and a609 (dark red), and 690 nm luminal trap Chl a613 (purple), are encircled with respectively dashed 
red and purple lines. (B) For the interactions between the Chls within the complex a compartmentalization scheme 
was developed. Energy transfer between Chls within the same cluster is described with cmR, while transfer 
between clusters (arrows) follows gF theory. Solid lines indicate energy transfer components assessed in this 
study, dashed lines are transfers previously discussed.147 
 
In Figure 7 we show kinetics of EET to the red forms corresponding to excitation of some 
selected pigments (see Chl pools in Figure 6) contributing to the 680 nm band (and 
therefore contributing to the [680,730] nm cross-peak). The traces were normalized to the 
signal when all excitations are transferred to the CT state (plateau value grey/red trace). 
Supposing a selective excitation of the a603 site (red in Figure 6) we obtain a fast (sub-ps) 
population of the CT (grey curve in Figure 7). In this case, all excited-state energy is 
transferred to the CT state within 1 ps. Excitation of the a602-603 (red in Figure 6) sites 
results in slower kinetics due to the a602→ a603 relaxation (red curve). Notice that this is 
not a pure exciton-type relaxation, because in the presence of CT the a602 and a603 excited 
states are dynamically localized,147 giving relatively slow equilibration within 3–4 ps 
(compare red and grey curves, Figure 7). The kinetics are even slower if we also include 
a610-611-612 pigments (green curve). Note that in the cmRgF-9 model the a610 (dark 
green in Figure 6) and a611-612 (green in Figure 6) are considered as two separate 
clusters.147 The equilibration between the localized a610 and other pigments is very slow in 
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this model (about 20 ps, compare green and red/grey curves). In the global analysis these ps 
energy transfer processes are combined in the 6.5 ps component (Figure 4), describing the 
EET from all stromal side Chls a towards the red forms. Including the luminal-side      
a613-614 pigments (magenta in Figure 6) further slows down the kinetics (see the 
differences between the magenta and green curves persisting even at very large delays, i.e., 
much more than 20 ps). Consequently, the 690 nm trap (Figure 3 and Figure 7) can be 
assigned to a613, and it is responsible for the previously unassigned and very slow (100–
200 ps at 77 K) lumenal-to-stromal side transfers in Lhca4. Therefore, here we show that 
this pathway should be included to obtain the exceptional agreement between experiment 
and model shown in Figure 5 and 7, and to achieve a complete physical picture of the 




Figure 7. Population of CT state of WT Lhca4. Kinetics of the CT population on the 20 ps (A) and 3 ps (B) 
timescales calculated for different initial conditions compared with the measured (680,730) nm cross-peak (black 
line) and the dynamics of the cross-peak determined by the global analysis (blue line). The kinetics with realistic 
initial conditions (magenta) is compared with the kinetics corresponding to excitation of only a603 (grey), a602-
603 (red), and a602-603-610-611-612 (green). The intensity of the kinetic traces has been normalized to the total 
excited-state population after excitation. Measured 2D spectra at 200 fs and 50 ps delays (C) with major peaks 




The 2D experiments presented here are the first experimental evidence explicitly showing 
the origins of the complex multi-component kinetics of the red form containing Lhca4 plant 
light-harvesting complex. We observe that EET from excited Chl a states to the red forms 
occurs on three different timescales: fast (within 1 ps) from the exciton states of the red 
Chls (a603 and a602 sites, dynamically coupled to the CT state located on a603-609), 
slower (a few ps) transfers (determined by equilibration between the a602-603-CT cluster 
and other stromal side Chls a609, a610, a611-612), and very slow (100–200 ps) transfers to 
CT limited by equilibration between the stromal-side and lumenal-side Chls a (i.e., a604, 
a613-614). Superposition of these pathways determines a complicated multi-component 
kinetics of population of the final CT trap state. Since these CT chlorophylls are located 
close to the core,21,43 the localization of excitations in the CT state could provide a directed 
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energy transfer pathway from the peripheral LHCI antenna to the RC located in the PSI 
core. 
The 2DES experiments shown here enable us to disentangle important spectral 
signatures of these kinetic components. Global analysis of the spectral evolution of the 2D 
spectra gives an accurate estimate of the timescales of the different processes underlying 
these separated signals. The second dimension λτ of the technique results in the separation 
of the spectral bands (see Figure 7C) of the newly found 690 nm luminal red trap and the 
red form localized CT state. The results show that the 690 nm luminal red trap (located on 
Chl a613) is responsible for the very slow luminal-to-stromal energy transfer, which could 
not be assigned previously.112  
For the N47H mutant, the below-diagonal signal observed in the Lhca4 WT has 
almost completely disappeared, and only a small off-diagonal signal remained. The source 
for this signal is probably the same as the 700 nm emission shoulder observed at 77 K 
(Figure 2) and in previously reported emission spectra77,102 and Stark absorption78 data. 
Like previously hypothesized, this signal could be the result of a small fraction of N47H 
mutant complexes that still contain some weakly interacting CT states.146 Although the 690 
nm red trap should also be present in the mutant, no band can be distinguished at this 
wavelength in the 50 ps spectrum and EADS3. However, at the point [688,690] nm, where 
the band is observed in WT, there is a significant positive signal (Figure 3B). Moreover, the 
negative signal above diagonal with increased intensity at later times (ESA), probably 
partly distorts the shape of the signal. Hereby, we consider that the 690 nm band is present 
in the mutant but is not discernible from the main 680 nm diagonal peak. 
The experimental results were compared to the quantitative exciton model for 
Lhca4 WT which included mixing of the exciton states with the CT state.146 For this model 
(based on the recently reported detailed crystal structure of PSI21) a compartmentalization 
scheme (Figure 6B) was developed based on Redfield-Förster theory which describes the 
population dynamics.147 The 2DES experiments of this study show that there is an excellent 
agreement between the dynamics predicted by the model and the observed 2DES kinetics, 
meaning that the model correctly describes initial excitation, inter-cluster equilibration, and 
equilibration between luminal and stromal layers. More importantly, the excellent 
agreement between the modelled and measured kinetics verify the proposal that the CT 
state and all states that are strongly coupled to the CT state should be treated as 
dynamically localized. Therefore, the combination of 2DES experiments with the recently 
developed theoretical model leads to an accurate and complete picture of the energy 
transfer pathways within the Lhca4 antenna complex. 
The dynamically localized states in Lhca4 underline the high flexibility of the 
Lhca proteins and the significant changes in the light-harvesting properties upon changes in 
protein conformation.115 The spectral properties as well as the EET dynamics are controlled 
by the exciton-CT mixing. By protein conformational changes the complex can switch 
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between states with different spectroscopic characteristics, in which a strong exciton-CT 
mixing results in a state with broadened absorption around 700 nm that is lost in states 
where this mixing is weak. As it was already mentioned before, these red forms are part of 
the most probable energy transfer pathways of excitations from the light-harvesting 
subunits towards the core. Therefore, the change in mixing alters the directed energy 
transfer from the antenna to the PSI core via the CT state, controlling the delivery of 
excitations from the periphery to the core and thereby preventing over-excitation of PSI. In 
principle, the degree of mixing is determined by the energy gap between the exciton and 
CT states (an increase of the gap breaks the exciton mixing). However, even at large 
exciton-CT energy differences the mixing of these states can be increased due to the 
presence of resonant vibrations (when vibrational modes of the lower state overlap with the 
zero-phonon line origin of the higher state).67,68,148,165,168  Obviously, such resonance is 
dependent on the disorder induced by conformational dynamics of the environment. A 
thorough investigation of the coherent oscillations in the 2D kinetics will provide better 
insights into these resonances and the coupling and coherence between the Chls and CT 




In this study we successfully revealed the origins of the multi-component kinetics of EET 
within the red form containing Lhca4 pigment-protein complex: i) The EET from the 
excited pigments towards the red form CT state occurs on three different timescales, shown 
in Figure 6. ii) There is direct evidence for the 690 nm red trap on the luminal side of the 
complex. The excellent agreement between the kinetics observed in the 2D experiments and 
those modelled using our exciton model of Lhca4 provides a detailed scheme of the energy 
transfer of the bulk excitations to the dynamically localized CT on the stromal side. The 
2DES results give a complete picture of the energy transfer pathways leading to the 
population of the final trap (CT) within the whole Lhca4 complex. The strong involvement 
of the CT state in the Lhca4 EET transfer dynamics points to its possible role in regulating 
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Figure S1. Ultrafast pulses used in the 2DES experiments. A) Spectral shape of the used pulses in the 77 K 
(black) and RT (red) measurements. The intensity is normalized to the maximum (at 695 nm). B) FROG profile of 
the SH pulse of the beams 1 and 2. C) Horizontal trace of the SH-FROG profile showing the autocorrelation signal 
(black). By means of a Gaussian fit (red line) the FWHM of the autocorrelation was determined. The 
corresponding FWHM of the 2DES pulses: 21.08/√2 = 14.9 fs.  
 
 
Figure S2. Steady-state absorption and fluorescence spectra of Lhca4 WT and N47H mutant at room 
temperature (RT). RT absorption (solid) and emission (dashed) spectra of Lhca4 WT (black) and mutant N47H 
(red). Emission spectra were recorded after excitation with 475 nm light. Absorption spectra are normalized to the 
area within the 600–780 nm region. The emission spectra are normalized to the absorption, and then scaled to one 
at the N47H fluorescence maximum to facilitate the visualization of the spectra. Spectrum of the laser pulses 
utilized in the 2DES experiments is shown in blue, and scaled with FWHM at 1 to indicate that the laser spectrum 
covers the red side of the major Chl a Qy absorption band and the red forms region. The full laser spectrum is 






Figure S3. Real rephasing 2D spectra of Lhca4 at room temperature (RT). RT 2D spectra of WT (top) and 





Figure S4. Global analysis fitting quality of Lhca4 2D spectral evolution. Transient kinetics of several 
diagonal (A and E) and anti-diagonal points (B and F) of the real rephasing 77 K 2D spectra of WT (top, A and B) 
and N47H (top, B and F). Each curve is normalized to its maximum intensity to facilitate visualization of the 
traces. The position of the chosen points is indicated in the zoomed-in 50 ps 2D spectra of WT(C) and N47H (G). 
Dynamics of all curves is well captured with the exponential fit (blue curves) obtained from the global analysis of 





Vibronic coherence in the red forms of a Photosystem I 
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The characteristic low-energy chlorophylls of the Lhca4 antenna complex of plant 
Photosystem I form important gateways in the excitation energy transfer pathways to the 
core. These so called “red forms” originate from  the mixing of a charge-transfer (CT) state 
with the complex excitonic manifold. In this work, two-dimensional electronic 
spectroscopy reveal the coherent interactions between the low-energy CT state and the 
chlorophyll exciton states, which define the characteristic spectroscopic properties of the 
Lhca red forms. Several vibronic coherences were identified to constitute the coherent 
mixing of the CT state with the excitonic manifold, with their presence directly dependent 
on the degree of exciton-CT mixing. The identified coherences in Lhca4 display similarities 
to those involved in the charge separation in the Photosystem II reaction center. Strong 
resonant Chl a vibrational modes enhance the creation of the vibronic coherences, which 





In photosynthesis the conversion of collected solar energy by pigment-protein complexes 
(PPCs) is a highly efficient process with quantum efficiencies approaching unity.1 Several 
energy and electron transfer processes in these highly specialized PPCs display rates that 
are different from those predicted by theories working in a pure electronic(exciton) basis 
(like standard/modified Redfield and Förster). Explicit inclusion of some vibrational 
coordinates was found to provide a more realistic description, especially in the cases of 
electron-vibrational resonance producing additional (vibration-assisted) mixing of the 
electronic states (and thus speeding-up the transfers between them).54,169,170 The first report 
of coherent nuclear motion171 was later shown to have a functional role in the primary 
electron transfer step in the bacterial RC.170 Since then the functional role of quantum 
phenomena in the efficiency of energy and electron transfer processes in various 
photosyntetic complexes has been investigated and heavily debated.65,168,172–174 Initially, the 
coherences were ascribed to occur between different excitonic states (electronic 
coherences)175; however, recently more evidence was found indicating that long-lived 
quantum beats can often be assigned to vibrational176 or electron-vibrational (vibronic) 
coherences.65,67,173,177  
In 2014, two-dimensional electronic spectroscopy (2DES) experiments combined 
with Redfield theory modelling showed that coherences are involved in the primary 
electron transfer step within the reaction center (RC) of Photosystem II (PSII). The 
coherent mixing of exciton and charge-transfer (CT) states correlates with the efficiency of 
charge separation (CS).67,68,148,177 In the light-harvesting complexes CT states are far less 
pronounced, which is expected as these complexes do not perform CS. However, there are a 
few light-harvesting complexes that contain CT states, which affect their spectral properties 
and energy transfer dynamics significantly. One of the most well known and thoroughly 
studied examples is the Lhca4 subunit of the LHCI plant light-harvesting complex of 
Photosystem I (PSI).77,78,102,104,112,113,115,145–147 
Characteristic for Lhca4 is the presence of low-energy spectral forms, the so-called 
red forms, which have an energy lower than that of the primary donor, P700, of PSI. 
Interestingly, the red forms of LHCI, including those of Lhca4, are part of the most 
probable energy transfer pathways of excitations from LHCI towards the core.21,43 The red 
forms are originating from the mixing of a CT state with the lowest exciton state of the 
excitonically coupled Chl a dimer a603-a609.77,78 The strong electron-phonon coupling of 
the exciton-CT states results in significantly red-shifted and broadened absorption and 
fluorescence emission spectra compared to those of the other exciton states.102 The   
exciton-CT mixing is highly sensitive to the surrounding protein environment, as its 
absorption and emission properties can be tuned by mutations of the protein residues close 
to Chl a603 and a609.102,104,144,145 Moreover, Lhca4 has a reversible switching mechanism 
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which involves protein conformational changes that alter the exciton-CT mixing, enabling 
switching between conformations with and without red forms.115 Theoretical modeling 
based on Redfield theory revealed that the mixing of the CT state with exciton states is 
dependent on the nuclear coordinates of the possible mixed states.147 The exciton-CT 
mixing is more pronounced near the crossing point of the potentials of the exciton and CT 
states and excitation near this crossing point leads to the creation of the strongly mixed 
exciton-CT states that constitute the Lhca4 red forms. Subsequently, reorganization 
dynamics of the vibrational modes will break the mixing, leading to localization towards 
the bottom of the CT potential (dynamic localization). Formation of these coherent mixed 
exciton-CT states could result in additional routes for ultrafast energy transfer towards the 
core.  
 The coherent mixing of the dark CT state with the allowed exciton states in Lhca4 
results in a new manifold of exciton-CT states with varying CT character. The strong 
mixing of  the lowest exciton and CT states leads to the creation of  a low-energy red state 
(700–730 nm) with significant CT character77 and a higher energy state (680 nm) with a 
major exciton contribution. The broadband excitation in the 2DES experiment creates a 
coherent superposition of these low- and high-energy exciton-CT states (both allowed and 
correlated) that is detected as quantum beats (coherence). If the coherence is created solely 
upon excitation with the ultrashort laser pulses and not in natural photosynthesis (under 
non-coherent and non-impulsive excitation), it is referred to as dynamic coherence.66 
However, the presence of long-lived dynamic coherence can be an indication of inner 
(steady-state) coherence (coherent mixing within electronic states), which leads to the 
delocalization of excitation energy over several states also in natural conditions.66,68,178,179 
Electronic coherences are typically decaying on the hundreds of fs timescale, while 
vibronic coherences can persist up to 2 ps.180 Here we have applied 2DES on a set of Lhca4 
mutants which display different degrees of exciton-CT mixing.104 We investigate the origin 
of the coherences emerging from the red form exciton-CT mixed state and how these 
coherences could be involved in the ultrafast excitation energy transfer (EET) from the Chl 
a excitons to the terminal CT state. 
 
Materials and Methods 
 
Mutagenesis and Reconstitution 
The Lhca4 mutants have been obtained by the site-directed mutagenesis: in the N47H and 
N47Q mutants the Chl603-binding asparagine residue (N47) has been substituted by a 
Histidine (H) and Glutamine (Q), respectively.102,104,113 In E94Q the Glutamic acid (E) 
ligand  of Chl606 is mutated into Q.104 The wild-type (WT) and mutant apoproteins were 
overexpressed in E. Coli of the Rosetta2 (DH3) strain and purified as inclusion bodies.113 
Reconstitution of Lhca4 WT and mutant complexes was done as described previously for 
Chapter 3 
52 
LHCII157 using the pigments (carotenoids and chlorophylls) isolated from spinach leaves. 
The reconstituted complexes were subsequently purified by His-tag Ni-affinity 
chromatography and sucrose density ultracentrifugation.157 Ultracentrifugation was done on 
a 0.1–1M sucrose gradient with 0.03% n-dodecyl-α-D-maltoside (α-DM), 10 mM Hepes 
pH 7.8 at 41000 rpm (Beckman Coulter, SW41 rotor) at 4 °C for 18h. 
 
Steady-state spectroscopy 
Absorption spectra at RT were recorded on a Varian Cary 4000 UV-Visible 
spectrophotometer (Varian, Palo Alto, CA). Fluorescence spectra were recorded at 77 K 
and RT on a Fluorolog 3.22 spectrofluorimeter (HORIBA JobinYvon-Spex, Longumeau, 
France). The sample was diluted to an optical density (OD) of <0.05 cm−1 at the Qy 
maximum at 680 nm. For 77 K measurements a liquid nitrogen cooled device was used 
(cold finger). 
 
2D Electronic Spectroscopy 
2D electronic spectroscopy experiments were performed on a home-built setup,151,152 which 
is designed as previously reported.57 The laser system (PHAROS, Light Conversion) was 
operating at a 1 kHz repetition rate. The laser pulses were generated by a home-built non-
collinear parametric amplifier and tuned to a central wavelength at 715 nm with a full width 
at half maximum (FWHM) of 80 nm and a duration of ~15 fs (Chapter 2). The pulse 
energy was set at 7 nJ per pulse and the spot diameter in the focus on the sample was    
~100 μm. The emitted photon-echo was detected (in phase-matching direction) by the 
spectrograph and charge-coupled device (Princeton Instruments, 1340x100 pixels, Δλt = 0.1 
nm). A broad band pump-probe power study of every mutant ensured no annihilation 
effects with the pulse energy employed. The sample was measured in a quartz cuvette with 
a path length of 500 μm with an OD of ~0.25 cm−1 in the Qy absorption maximum.An 
oxygen scavenging mixture consisting of glucose oxidase 0.1 mg mL−1, catalase 0.05 mg 
mL−1, and glucose 5 mM was added to prevent sample degradation. The 77 K 
measurements were performed using a liquid nitrogen cooled cryostat (Optistat DN2, 
Oxford Instruments Nanoscience). To form an optical glass the 77 K sample solution 
consisted of 67% (w/v) glycerol.104 The solution was buffered with 10 mM Hepes pH 7.8 
and contained 0.03% α-DM. For the 77 K 2DES experiments, the coherence time τ was 
scanned from −130 to 275 fs with 1 fs step for each population time T. The population time 
T was scanned from −24 to 1200 fs with steps of 8 fs. For the RT measurements, the 
coherence time τ was scanned from −80 to 100 fs with 1 fs step for each population time T. 
The population times T  were measured from –64 to 1600 fs with steps of 8 fs. Additional 
sets of spectra at longer population times were recorded at the following population times: 
Tstart–step–Tend = 1.3–0.1–2.0 ps (1.8, 2.0 ps for RT), 3.0–1.0–10 ps, 20–10–100 ps, 250, 
and 500 ps. After completion of the 2DES experiment a careful broad-band pump-probe 
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measurement was performed, which is necessary for retrieving the phase of the 2D photon-
echo signal. 
Processing and analysis of the 2D spectra was done using a homebuilt python-
based script. The 2D spectra were obtained by a protocol similar to the data-acquisition 
described previously (Chapter 2).57,158,159 Amplitude oscillations were separated from the 
2DES spectral features by fitting the spectral evolution of each point [λτ, λt] in the real 
rephasing 2D spectrum in the short time range T = 120–1160 fs (120–1576 fs for RT) with 
a third-order polynomial function. After subtraction of the fitted spectral dynamics, the 




The Lhca4 mutants of this study have been used previously in investigations on the origins 
of the red forms and the EET dynamics within this complex.102,104,113 As observed in their 
absorption and emission spectra (Figure 1), mutation of the Asparagine (N, at position 47) 
coordinating Chla603 into a Histidine (H) or Glutamine (Q) residue results in a mutant 
were the red forms are completely (N47H) or partly (N47Q) lost, respectively. In contrast, 
substitution of the Glutamic acid (E) residue at position 94, located near Chla609, by a 
Glutamine (Q) yields a mutant (E94Q) with slightly enhanced red forms. It was shown that 
these mutations do not lead to a decrease in the Chl binding affinity, but they do affect the 
interaction between Chl a603 and a609 resulting in a change in the exciton-CT mixing.104  
 
Figure 1. Steady-state spectra of Lhca4 complexes. Absorption (A) and fluorescence spectra (B) at RT, and 
fluorescence spectra at cryogenic temperature (C) of Lhca4 complexes. Absorption spectra are normalized to the 
area within the 600–780 nm region. Emission spectra were recorded after excitation with 500 nm light and are 
normalized to the maxima. The spectrum of the laser pulses utilized in the 2DES experiments is shown in grey, 
and scaled with FWHM at 1 to indicate that the laser spectrum covers both the red side of the major Chl a Qy 
absorption band and the broad emission bands of the red forms. The full laser spectrum is shown in Figure S1 of 
Chapter 2. 
2D spectra of the Lhca4 samples were recorded at both room (298 K) and 
cryogenic (77 K) temperatures. The broadband (~75 nm at FWHM) laser pulses used in the 
experiments were tuned to cover both the main Qy absorption of Chl a (~681 nm) and the 
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broad emission band of the red forms (695–750 nm, Figure 1, grey). The RT spectra 
(Figure S1) better represent the physiological working conditions of the complex, however 
the enhanced resolution of the 77 K spectra (Figure 2) allows for a better distinction of the 
spectral differences between the mutants. In Figure 2 the 77 K real rephasing 2D spectra at 
three different population times T are shown for all complexes. The dominating elongated 
feature (Figure 2A-D) 2 nm red-shifted along the diagonal can be assigned to the ground 
state bleach (GSB) of the initially excited Chl a exciton states and to stimulated emission 
(SE) prior to reorganization within these states. In WT and E94Q the disappearance of this 
diagonal feature (Figure 2C and D) and subsequent formation of the broad below-diagonal 
band (Figure 2G, H, K, and L) at later times indicates EET from these states to the lowest 
energy exciton-CT state. Also at RT this band is clear for WT and E94Q in the 50 ps 
spectrum (Figure S1K and L). The extensive broadening of this band in both dimensions λτ 
and λt is caused by the strong electron-phonon coupling and static disorder of the     
exciton-CT states.68,165 In the N47H and N47Q  mutants, without or with reduced red forms 
respectively, no distinct cross peaks are observed at later times (Figure 2E, F, I, and J). The 
absence of EET to CT in the N47H mutant determines the relatively high amplitude of the 












































































































































































In Figure 3 the evolution of the 2D signals in specific points of the 2D spectra 
(Figure 2I-L, black points) are displayed. The depopulation (decay) of the Chl a exciton 
states (Figure 3A) and subsequent population (rise) of the red forms (Figure 3B) are similar 
for the WT and E94Q mutants. For N47Q and N47H the diagonal signal decays to higher 
values (Figure 3A). This indicates that there are less transfers to the CT state in these 
mutants, which agrees with the steady-state absorption and emission spectra (Figure 1). The 
intensities of the 2D signals at [680,720] nm are comparable for N47Q and N47H and 
significantly lower than those of WT and E94Q (Figure 3B). The relative amount of energy 
transferred to the red forms, given by the amplitudes, is dependent on the degree of mixing 
of the CT state with the excitonic manifold.  
The remaining diagonal band centered at [688,690] nm arises from the population 
of the red Chl a trap states at the luminal side of the complex (see assignment of these trap 
states in Chapter 2). In N47H and N47Q the signal of this trap (Figure 2I and J) cannot be 
discerned from the main 680 nm diagonal band, however the evolution of the [688,690] nm 
signal in T (Figure 3C) is very similar in all samples and verifies that also in N47H and 




Figure 3. Spectral evolution of selected points in the 77 K real rephasing 2D spectra. Transient kinetics of the 
points [λτ, λt] = [680,682] nm (A), [680, 720] nm (B), and [688,690] nm (C) from the real rephasing 77 K 2D 
spectra of all mutants. To compare the spectral evolution for the different mutants the 2D signals were normalized 
to the maximal intensities of the diagonal peak at T = 200 fs for (A) and (C), and T = 50 ps for (B). 
 
When investigating the evolution of the 2D signal in the first picosecond, clear amplitude 
oscillations as a function of T are observed in the spectra (Figure 4). Coupling of the 
exciton and CT states leads in general to a mixing of their electronic origins and vibrational 
sublevels, giving rise to a complicated manifold of vibronic states that are populated in the 
experiment (Figure 2).68 The observed quantum beats can originate from coherent 
excitation of the states from this vibronic manifold.66 The oscillations propagate on top of 
the multi-exponential kinetics of the 2D spectral features, with different characteristic 
frequencies and dephasing times. The most prominent beating patterns are found below the 
681 nm diagonal Chl a signal, that is, between some strongly allowed Chl a exciton states 
and exciton-CT red form states. 
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Figure 4. Amplitude oscillations of selected off-diagonal points. Evolution absolute rephasing 2D signal in 
cross points [681,700] nm (solid) and [681,720] nm (dotted). The signal was normalized to the diagonal peak 
intensity at T = 200 fs. 
Long-lived, fast amplitude oscillations are visible in the [681,720] nm off-diagonal 
2D signals (Figure 4, dotted) of all samples. In contrast, an initially strong beating pattern 
with a smaller oscillating frequency and a larger dephasing rate is observed in cross point 
[681,700] nm (Figure 4, solid). The oscillations in the traces of Figure 4 are separated from 
the non-oscillating 2D transient spectral features by subtracting a fitted third order 
polynomial decay curve from the 2D signal. By performing a FFT on the remaining 
oscillating signals the frequencies of the beats are retrieved and distinguished from each 






Figure 5. Power spectral density of beating frequencies in below-diagonal regions. Fourier transform (FT) 
power spectra (Frobenius spectra) of oscillations in several below-diagonal regions [λτ, λt]  of the real rephasing 
spectra for all mutants. (A) [668–690,695–760] nm, (B) [668–690,698–705] nm, (C) [676–690,701–710] nm,  and 
(D) [668–690,713–730] nm. Three dominating frequencies were identified in these off-diagonal regions below the 
main diagonal Chl a exciton signal at 681 nm. 
Figure 5 shows the summed FFT power spectra (Frobenius norm, absolute squared) from 
several points within certain below-diagonal regions, which include the traces with the 
quantum beats displayed in Figure 4. Three dominant frequencies are identified, namely 
340±20, 520±20, and 750±20 cm−1, which all coincide with Chl a intra-molecular 
vibrational modes reported previously.181,182 On first consideration the correspondence of 
these frequencies would lead to the assumption that these are vibrational coherences. 
However, the position of these oscillations in the below-diagonal region of the 2D spectra 
and their intensity dependence among the different complexes (with different degrees of 
exciton-CT mixing) suggest that these are vibronic coherences between the exciton and CT 
state originating from the coupling of the two states via various Chl a vibrational modes.146 
The involvement of vibrational satellite states in the mixing of electronic exciton and CT 
states results in a large manifold of vibronic sublevels,68,165 causing a large collection of 2D 
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components over the broadened red form off-diagonal signal with different oscillating 
frequencies as indicated in the FFT power spectra (especially Figure 5A-C). The FFT 
intensities of the 340±20 cm−1 and 520±20 cm−1 frequencies are dependent on the degree of 
exciton-CT mixing in the complexes. For WT the FFT intensities for these frequencies are 
significantly more intense in the below-diagonal areas [668–690,698–705] nm (Figure 5B) 
and [676–690,701–710] nm (Figure 5C) than for N47H and N47Q with weakened    
exciton-CT mixing. In contrast, for E94Q these FFT intensities are larger than WT, which 
indicates a stronger exciton-CT mixing. Consequently, the amplitude oscillations of these 
off-diagonal signals can be assigned to wave-packets that exhibit a coherent motion 
between the potential wells of the exciton-CT states after coherent excitation of the 
resonant vibronic states.66,68 For N47H the frequencies 170 cm−1 and 472 cm−1 are mainly 
present in the off-diagonal region (Figure 5A-C). The 170 cm−1 frequency approximates the 
150 cm−1 value found by fluorescence line-narrowing77 that was assigned to the coupling 
between Chls a603 and a609 that form the lowest-energy exciton state in this mutant in the 
absence of the CT state.146 However, the frequency is also observed in the E94Q mutant 
with the enhanced red forms. A more thorough analysis on this frequency is given based on 
the corresponding frequency maps. The 472 cm−1 frequency, which is not found in the other 
samples, can be assigned to a low-intensity Chl a vibrational mode.181,182  
 By fitting the spectral features of each point within the 2D spectrum with a third 
order polynomial function independently and subtracting these fitted functions from the 2D 
data, the amplitude oscillations are isolated from the spectral dynamics for the entire range 
of the 2D spectra (see Materials and Methods). After performing the FFT algorithm on the 
remaining traces, the resulting frequency maps allow us to visualize the amplitude 
distribution of each frequency over the entire wavelength range. In contrast to the 
conventional 2D spectra, where all populated states are observed at a certain population 
time, these 2D frequency maps only show coherent states of which the amplitudes are 
oscillating with specific frequencies. The coherent excitation of delocalized exciton states 
produces a superposition of these states with a formation of the wave packet detected in a 
2D response as oscillations evolving in time T with a frequency equal to the energy 
difference between the involved eigenstates.63,66 These electronic-type coherences appear as 
strong off-diagonal signals in the frequency maps, with a distance from the diagonal equal 
to the specific frequency. In contrast, a vibrational coherence is created by a coherent 
excitation of vibrational sublevels of the ground state and the excited states of the 
pigments.183 In the 2D frequency maps (close) diagonal contributions are predominantly 
produced by vibrational coherences66,68,165,177,183 often accompanied by weaker off-diagonal 
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The frequency maps of the three most prominent frequencies, 340±20, 520±20, and 750±20 
cm−1, are displayed in Figure 6 (exact frequency indicated in yellow on each map). All 
maps include significant below-diagonal features that are possibly from electronic/vibronic 
coherences. If the below-diagonal peak is determined by electronic coherence between the 
exciton and CT bands, then it should be pronounced in the WT and E94Q maps and 
disappear in the N47H map. In contrast, the off-diagonal features corresponding to 
vibrational coherence will be present in all samples.  
A common (and unexpected) feature in all of these maps is the signal amplitude in 
the form of repetitive oval shapes parallel to the diagonal line that extend along the 
excitation axis in the λt detection wavelength range between 675 and 690 nm. This signal 
amplitude observed along the excitation axis corresponds to scattered light that has entered 
into our detector (Supplemental Information). The experiments have been repeated several 
times and this effect was always present, therefore, we have used a method based on 
singular value decomposition (SVD) to separate this scatter from the real signal (Figure S3 
and S4). Nevertheless, at this point it is worth noting that the most relevant signals to fulfill 
the aim of our present work, that is to investigate the presence and role of vibronic 
coherence between bulk and red chlorophylls, are in the range below 690 nm in the λτ 
detection wavelength range. Therefore, these meaningful cross-peaks and the conclusions 
derived from them are not affected by the scattered light. This is verified by Figure S5, 
which shows the frequency maps after separation of the scattering signal with the SVD 
analysis for all mutants. Similar to the FFT traces (Figure 5) and the frequency maps in 
Figure 6, there is an evident intensity dependence of the below-diagonal bands in the 
340±20 and 520±20 cm−1 maps on the degree of exciton-CT mixing (Figure S5A-H). The 
absence of the electronic contributions with this frequency in N47H (Figure S5A and E) 
confirms that the exciton-CT mixed states are not created in this complex. 
 For WT, N47Q, and E94Q the off-diagonal band in the 340±20 cm−1 frequency 
map is centered at [680,694] nm on the line at (red line) 340±20 cm−1 below and parallel to 
the diagonal (Figure 6B-D and S5B-D). The position coincides with the location of the 
cross peaks in the 2D spectra of WT and E94Q assigned to the EET from the 680 nm Chl a 
exciton to the red forms. In the RT frequency maps (Figure S2B-D) a similar off-diagonal 
band is present. For mutant N47H without the CT state a significant blue-shift of the   
cross-peak is observed (to [667,686] nm in Figure 6A, [673,689] nm in Figure S5A), 
suggesting possibly a coherence between two higher energy Chl a exciton states. Moreover, 
the significant vibrational contributions on the diagonal in the maps of N47H ([683,683] 
nm) and N47Q ([681,683] nm) can be assigned to the 348 cm−1 Chl intra-molecular 
vibrational mode. In the RT map of N47H the diagonal band from this vibration is 
dominant (Figure S2A). The frequency 340±20 cm−1 corresponds to the one found in 
fluorescence line-narrowing and site-selective fluorescence emission spectra of Lhca4, as 
the reorganization energy calculated from the energy gap between the excitation and 
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emission maxima of the red forms.77 In the previously reported theoretical model of 
Lhca4146,147 this frequency was also present in the electron-phonon spectral density of the 
lowest energy Chl a603, to which the CT state is coupled. The zero-phonon lines of this 
Chl are mixing with higher vibrational sublevels of the CT state,146 thereby forming the 
exciton-CT mixed state. Coherent excitation of the 348 cm−1 vibrational mode initiates the 
formation of a dynamic exciton-CT mixed vibronic state, which is delocalized over the 
exciton and the CT state. 
 The frequency map of the 170 cm−1 frequency, identified for N47H (Figure 5), 
contains an excitonic feature at [677,687] nm that could possibly be assigned to the  
150±20 cm−1 strong coupling between a603 and a609 (Figure S6A).77 The main feature at 
[666,685] nm can be assigned to the strong 348 cm−1 vibrational mode (approximately 
double of 170 cm−1). The peak at 147 cm−1 observed for E94Q (Figure 5A and B) is caused 
by the broad diagonal feature (Figure S6D), which is narrower and less intense for N47Q 
and WT (Figure S6B and C). In all samples a band at [677,687] nm is present in the  
150±20 cm−1 maps (Figure S6). Notably, in all samples the complexes consist in a mixture 
of two conformations.115 The excitonic feature can be ascribed to the a603-609 coupling in 
the blue conformation, without red forms. Moreover, the Chl pair a611-612, which has a 
similar coupling strength of 130 cm−1, possibly contributes to the excitonic feature as 
well.146  
In the frequency map of the 472 cm−1 oscillation for N47H (Figure S7) no major 
excitonic contribution related to the CT state can be distinguished; the main band at 
[670,686] nm is the result of the 470 cm−1 vibrational mode.181,182 
The electronic contributions in the 520±20 cm−1 frequency maps of WT and E94Q 
(Figures 6G, H and S5G, H) are centered at [681,705] nm, coinciding with the positions of 
the main exciton band at 77 K (681 nm) and the most red-shifted red form exciton-CT band 
reported previously at 705 nm.77,78 This peak can reflect a mixing of the 681 nm exciton 
components and the CT state peaking near 705 nm, corresponding to the energy gap close 
to 520 cm−1. Hereby, similar to the 340±20 cm−1 vibronic coherence, this quantum beating 
can be assigned to electronic-type coherence between the exciton and CT states assisted by 
a 520 cm−1 vibration that is resonant with this energy gap. This coherence appears mainly in 
the WT and E94Q mutants with strong CT mixing, and is less prominent in the map of the 
N47Q mutant with diminished red forms (Figures 6F and S5F). Also in the RT frequency 
maps the off-diagonal signal, centered at [683,708] nm, of the vibronic coherence is 
observed (Figure S2F-H).67,68,177 For the N47H mutant, without red forms, only the strong 
diagonal feature (at [686,685] nm) of the purely vibrational coherence of the 520 cm−1 
intra-molecular vibrational mode is present (Figures 6E and S5E).  
 As already observed in the FFT spectra (Figure 5D), the 750±20 cm−1 off-diagonal 
contribution in the frequency map is present in all four complexes and located at the same 
position [681,718] nm (Figures 6I-L and S5I-L). This suggests that the 750±20 cm−1 
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oscillation can be ascribed mainly to the strong vibrational coherence reflecting coupling of 
both Chl a and the diabatic CT state to this intramolecular vibration. This is supported by 
the RT frequency maps of all mutants: besides the signal around [685,718] nm, also an 
above-diagonal signal around [705,665] nm moved approximately 750 cm−1 from the 
diagonal (red line) is present (Figure S2I-L). The relative large intensity of this signal, 
compared to the below-diagonal signal, indicates that this is mainly a vibrational 
coherence.66,68,177,183 The exciton-type coherences with the same 750±20 cm−1 frequency 
(due to exciton-CT coupling) can be also present as suggested by studies of other 
photosynthetic complexes.67,151,152,177 In our case in WT and N47Q (Figure 6J and K) such 
an electronic contribution is most likely masked by the strong vibrational coherence. For 
E94Q the dominant off-diagonal signal (Figure 6L) with enhanced intensity (Figure 5D) 
suggests that a stronger vibronic coherence is created in this mutant. A full theoretical 
modelling of these spectra (in preparation) will give more insights into the 
electronic/vibronic coherence contribution to this frequency. 
Notice that in the steady-state spectra (Figure 1) and 2D spectra (Figure 2I-L) the 
exciton-CT red form bands of WT and E94Q are broad (λem = 695–750 nm), indicating that 
the energy gaps are uniformly distributed over a wide range. However, the electronic 
features are observed only at specific bands, [681,694] and [681,705] nm, for the specific 
frequencies, 340±20 and 520±20 cm−1 (Figure 6 and S5). This indicates that the mixing of 
the exciton and CT states is promoted by the presence of a resonant vibration that couples 
the first vibrational sublevel of the CT with the zero-phonon origin of the 681 nm exciton 
state (similarly to what we observed in PSII-RC67,68). Far from vibronic resonance (and 
frequencies between 340±20 and 520±20 cm−1) the mixing of the exciton and CT state is 
not so strong due to the big displacement of the CT along nuclear coordinates. That is why 
we observe the excitonic features in the 334 and 529 cm−1 maps (Figure S8B, E, and H), 
whereas tuning the frequency slightly lower (Figure S8A, D, and G) or higher (Figure S8C, 




The presence of the red forms in LHCI makes the physical description of the spectroscopic 
characteristics and EET kinetics within these complexes significantly more complicated 
than for the light-harvesting complexes LHCII of PSII. Recently, we presented a theoretical 
model that was able to describe both the spectroscopic characteristics and EET dynamics of 
Lhca4 correctly.146,147 This model, based on Redfield theory, emphasizes the complicated 
nature of the coupling of the CT state with the excitonic manifold. For a correct description 
of both the EET kinetics towards the CT state and the spectroscopic characteristics of the 
red forms, the CT state has to be treated as dynamically localized, with Förster type energy 
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transfers among excitons and exciton-CT mixing only near the crossing point of the 
potentials of the respective exciton and CT state.147 
 In addition to understanding the EET dynamics leading to the population of the red 
forms of Lhca4, here the coupling (and mixing) of the CT state with the excitonic manifold 
is explored, which is especially important for the characteristic spectroscopic properties of 
the red forms within the Lhcas. Relevant vibrational modes with frequencies around 
340±20 and 520±20  cm−1 that can assist the exciton and CT state mixing were found. A 
coherent excitation of such a mixed exiton-CT configuration is then followed by a dynamic 
localization near the bottom of the CT potential due to reorganization dynamics of the 
vibrational modes, leading to a directed energy transfer towards the lowest energy CT state. 
This dynamic localization will enhance the dephasing of the dynamic coherence that is 
observed in the results (Figure 4). Further investigation on the dephasing of the observed 
oscillations is necessary for a more thorough understanding of the dynamic localization and 
the role of coherence in the EET. 
 The series of Lhca4 mutant complexes used here demonstrates that very subtle 
modulation of the protein matrix around the red Chls can strongly affect the mixing of the 
CT state with the excitonic manifold.100,102,104 The red form vibronic coherences between 
exciton and CT states are the main origin of the characteristic spectroscopic properties of 
the red forms of Lhca4. In the complexes with intact red forms the disorder-dependent 
energy gaps between the exciton and CT states easily fall into resonance with the most 
intense Chl a vibrational modes. This leads to the formation of delocalized exciton-CT 
vibronic states. Substitution of the protein residues around the red Chls a603 and a609 
changes the structure of this tightly packed dimer, thus breaking the formation of the CT 
states and diminishing the creation of vibronic coherences by resonant vibrations. 
Theoretically it can be described as a decrease in the exciton coupling between the exciton 
and CT states, breaking the mixing between them.  
The vibronic coherences found here display some resemblance to the coherences 
found in other photosynthetic complexes, among which are both the light-harvesting 
complex LHCII152 and the RC of PSII.67,177 In LHCII similar coherences with frequencies 
of 522 and 753 cm−1, were found in the 2D frequency maps with pronounced off-diagonal 
signals in the far-red region λt > 700 nm. However, the signals are significantly blue-shifted 
with approximately 8 nm compared to Lhca4, peaking at [673,700] nm (520 cm−1) and 
[674,708] nm (753 cm−1). Analogously to Lhca4, these coherences were assigned to the 
dynamic coherence between the a603-b609 CT state and exciton states of these PPCs. 
Importantly, in contrast to Lhca4 the creation of this dynamic coherence does not lead to 
population of the CT state in LHCII (such population does not give a sizable contribution to 
the bulk responses because in LHCII the CT state is present only in rare realizations of the 
static disorder).  
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 In  PSII-RC the electronic-type coherences due to exciton-CT mixing assisted by a 
resonant 348 cm−1 mode were shown to make essential contributions in the first CS step, 
thereby increasing the CS efficiency.67,177 The 348 cm−1 vibrational mode enhances the 
coupling between the three electronic states involved in the PD1 CS pathway: that is 
(PD2PD1)*+, (PD2δ+PD1δ−)*−, and (PD2+PD1−)δ*. It is remarkable that the [681,694] nm and 
[681,718] nm locations in the 340±20 cm−1 and 750±20 cm−1 frequency maps of Lhca4, 
respectively, are the same as the locations of the coherence between (PD2δ+PD1δ−)*−  and 
(PD2+PD1−)δ* in PSII-RC. The difference is that the CT state in Lhca4 is the final state, so 
that its population is not followed by further electron transfers as in the RC. The 
resemblance could point to the possibility that these complexes have evolved to utilize the 
vibrations present in the Chl a molecules to promote fast energy transfers and efficient CS 
(in PSII RC). However, to determine the possible contribution of the vibronic coherences to 
the EET towards the red forms in Lhca4 a full theoretical modelling of these spectra is 
necessary (work in progress).  
 In this study the  vibronic coherences between the exciton and CT states that are 
responsible for intense red forms within the plant PSI light-harvesting complex Lhca4 are 
explored. Resonant vibrations assist the mixing of the bulk Chl a excited states with the 
red-shifted CT state, thereby connecting the red form CT state to the other electronic states 
within the complex. The vibronic coherences resemble those found in the RC and light-
harvesting complexes of PSII. In the experiment this mixing results in the creation of a 
dynamic coherence by the coherent impulsive excitation. However, the mixing occurs 
within electron-vibrational eigenstates, i.e., this is inner (or steady-state) coherence 
(observed in steady-state spectra). Such kind of mixing will speed-up the energy/electron 
transfer also in natural conditions under non-coherent and non-impulsive excitation of 
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Supplemental methods 1: Singular value decomposition method 
 
A common (and unexpected) feature in all of these maps is the signal amplitude in the form 
of repetitive oval shapes parallel to the diagonal line that extend along the excitation axis in 
the detection wavelength range between 675 and 690 nm. This signal amplitude appears:   
i) in all 2D frequency maps but with different amplitude depending on the specific 
oscillation frequency, ii) in all samples but with different intensity depending on the 
samples, iii) at RT and 77 K, and iv) in spectral regions where no signal is expected to 
appear (for instance in the excitation range between 750 and 780 nm). All these 
characteristics indicate that this signal amplitude observed along the excitation axis 
corresponds to scattered light that has entered into our detector. The experiments have been 
repeated several times and this effect was always present. The signals that are in the 
wavelength range below 690 nm in the detection wavelength range are not affected by the 
scattered light. We attempt to separate the scatter extending along the excitation 
wavelength in the detection wavelength range between 675 and 690 nm from the real data 
by applying the SVD method.  
In general, 2DES datasets are often treated as three dimensional arrays in order to 
be able to use linear algebra.184 In this manner, the appropriate decomposition of the 3D 
matrix has been shown to allow to distinguish between noise (such as scattered light) or 
artefacts and signals indicating some type of coherences.185 One of the first steps of the 
above-mentioned decomposition is to estimate the rank of the 2DES dataset, that is, the 
number of non-linearly related components in the dataset. This process generally involves 
the SVD of the dataset.  
Any two-dimensional matrix 𝐴𝐴𝐴𝐴 of dimension 𝑚𝑚𝑚𝑚 × 𝑛𝑛𝑛𝑛 can be factorized as a product 
of three matrices (eq. S1). This process is called the SVD of the matrix 𝐴𝐴𝐴𝐴: 
 
𝐴𝐴𝐴𝐴 = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡    (S1) 
 
𝑈𝑈𝑈𝑈 and 𝑉𝑉𝑉𝑉 are orthogonal matrices of dimension 𝑚𝑚𝑚𝑚 × 𝑚𝑚𝑚𝑚 and 𝑛𝑛𝑛𝑛 × 𝑛𝑛𝑛𝑛 respectively. While U 
contains the eigenvectors of 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡𝑡𝑡, 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡 contains the eigenvectors of 𝐴𝐴𝐴𝐴𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴. 𝑈𝑈𝑈𝑈 is a 𝑚𝑚𝑚𝑚 × 𝑛𝑛𝑛𝑛 
rectangular diagonal matrix containing the square roots of the corresponding eigenvalues 
ordered from high to low. If the matrix 𝐴𝐴𝐴𝐴 is of rank 𝑟𝑟𝑟𝑟, 𝑈𝑈𝑈𝑈, 𝑈𝑈𝑈𝑈, and 𝑉𝑉𝑉𝑉 will be of rank 𝑟𝑟𝑟𝑟. In 
particular, this means that every diagonal value of 𝑈𝑈𝑈𝑈 after the 𝑟𝑟𝑟𝑟-th one are zero. If 𝐴𝐴𝐴𝐴 is a 
noiseless dataset generated by the measure of 𝑝𝑝𝑝𝑝 components, the rank of 𝑈𝑈𝑈𝑈 will be 𝑟𝑟𝑟𝑟 =  𝑝𝑝𝑝𝑝. 
If 𝐴𝐴𝐴𝐴 contains noise, the rank of 𝑈𝑈𝑈𝑈 will be 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛(𝑚𝑚𝑚𝑚,𝑛𝑛𝑛𝑛) but the first 𝑝𝑝𝑝𝑝 diagonal values will be 
high compared to the ones that follow assuming the noise is negligible. This method is used 
to determine the number of components of a dataset prior to applying a model in global 
analysis,160 however, SVD can also be used directly for fitting problems involving        
least-squares minimization.186,187 Another feature of SVD is the reduction of the dataset. In 
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the above-described case of a dataset 𝐴𝐴𝐴𝐴 composed from the measurements of 𝑝𝑝𝑝𝑝 
components, the dataset is best approximated as described by the eq. S2. 
 
𝐴𝐴𝐴𝐴 = ∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡
min(𝑚𝑚𝑚𝑚,𝑛𝑛𝑛𝑛)
𝑖𝑖𝑖𝑖=1 ≈ ∑ 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖
𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝
𝑖𝑖𝑖𝑖=1   (S2) 
Where 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 is the 𝑚𝑚𝑚𝑚-th column of 𝑈𝑈𝑈𝑈 (left singular vectors), 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖 is the 𝑚𝑚𝑚𝑚-th rows of 𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡 (right 
singular vectors), and 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 is the 𝑚𝑚𝑚𝑚-th diagonal values of 𝑈𝑈𝑈𝑈. The term 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡 is called the 𝑚𝑚𝑚𝑚-th 
principle image/singular value. Often, only the sum of the first few principle images is 
actually needed to approximate the data.188 Therefore, SVD can be used for noise reduction 
in various domains189,190 or even for image compression. 
It is worth noting that in the SVD method no physical model is imposed to the 
data, and no physical information can be derived from it. However, in an effort to separate 
the scatter from the real data we have applied this method to the 2D Frequency maps. 
  
Singular value decomposition of 2D frequency maps  
By applying the SVD on the frequency maps each map is decomposed in a set of singular 
values/images. In the following, we discuss the SVD 2D frequency map for the 750 cm−1 
oscillation frequency of Lhca4 WT which serves as an example to explain the SVD results 
for all the other frequencies. After this, the results for the Lhca4 mutants will be discussed. 
The SVD method yields 244 Singular Value (SV) spectra (Figure S3) with the     
1st SV frequency map carrying most of the weight (around 84% of the total signal 
amplitude) whereas the 2nd, 3rd, 4th, and up to the 15th SV spectra carry only around 2–5 % 
(higher order SV spectra contribute in the 0.1 to 1 % range). However, despite the lower 
contribution of the 2nd, 3rd, 4th SV, these SVs can still carry significant information. For all 
the frequencies, it is clear that the 1st SV map contains most of the artefact with quite 
homogeneous and substantial amplitude along a horizontal line with λt = 675–690 nm. 
Therefore, we have chosen the spectrum of λτ = 778 nm (where no signal is expected to 
appear due to the absence of sample absorption and the low amplitude of the laser 
excitation, see Figure S3) to be removed from the entire 1st SV map to yield the corrected 
1st SV frequency map. This latter map has been combined with the 2nd, 3rd, 4th, and up to the 
15th SV frequency maps in order to decide how many SV maps can be utilized without 
adding again the “artefact” to the final 2D frequency map corrected. At this point, it is 
crucial to carefully check all the SV maps obtained (with up to 2% weight) to ensure that no 






Figure S3. Singular value decomposition of 750 cm−1 frequency map of WT at 77 K. Several of the in total 
244 singular values obtained from the SVD of the 750 cm−1 frequency map, with their corresponding weights in 
percentage. Summation of all 244 singular values results in the original frequency map shown top left. The red line 
in the 1st SV map indicates the λτ = 778 nm spectrum used for removal of the scatter from the frequency map.  
 
Figure S4 shows the correction with the SVD method for four frequencies of Lhca4 WT. 
The subtraction of the scatter spectrum already removes part of the above-diagonal scatter 
signal (λτ = 720–770 nm) (Figure S4E-H), while retaining the spectral distribution of the 
oscillating states. In the frequency maps reconstructed from the corrected 1st SV and the   
2nd SV (excluding SVs 3 to 244) the scatter is almost completely removed, resulting in 
clean frequency maps that show the coherent signal. The frequency map of 1026 cm−1 only 
contains the scattering signal, which is almost completely removed by the analysis (Figure 
S4D, H, and L). 
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Figure S5 shows the frequency maps after separation of the scattering signal with the SVD 
analysis for all Lhca4 mutants. For WT and the N47Q mutant the first three images were 
used, whereas for N47H and E94Q the first six and five (three for 366 cm−1 map of E94Q) 
singular values could be used, respectively. The absence of the signals in the above-
diagonal range λτ = 720–750 nm indicates that the scattered signal has been successfully 
separated and removed, retaining only the coherent signals. Importantly, also the coherent 
signals in the λt = 675–690 nm detection range of the scatter seem to be retained. However, 
due to the presence of the strong scattered signal we have to be really careful with a 
conclusive interpretation of the signals extending along the excitation axis in the detection 
wavelength range between 675 and 690 nm. Notably, the exclusion of several SVs when 
reconstructing the frequency maps results in changes in the shapes of the bands. Similar to 
the frequency maps in Figure 6A-H, there is an evident intensity dependence of the   
340±20 and 520±20 cm−1 vibronic coherences on the degree of exciton-CT mixing (Figure 
S5A-H). The absence of the electronic contributions with this frequency in N47H confirms 
that the exciton-CT mixed states are not created in this complex (Figure S5A and E). 
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Figure S8. Resonant Chl a vibrational modes promote the mixing of CT and exciton states. The most 
important 77 K frequency maps with the major excitonic contributions of the Lhca4 E94Q mutant are displayed in 
the panels B, E, and H (same as in Figure 6D, H, and L, respectively). The red lines indicate the points with a 
distance from the diagonal that is equal to the frequency of the specific map. Tuning the frequency slightly lower 
















Breaking the red-limit: efficient trapping of long-wavelength 





With a quantum efficiency of nearly 100%, Photosystem I (PSI) is the most efficient light 
to chemical energy converter in nature. The minimal energy requirement for 
photochemistry in PSI corresponds to a 700 nm photon and represents the well-known “red 
limit” of oxygenic photosynthesis. Recently some cyanobacteria containing the red-shifted 
pigment chlorophyll f, were shown to be able to harvest photons up to 800 nm.  Is the 
energy of these photons efficiently used for photochemistry? Here, we show that, despite a 
less optimal energetic connectivity between its pigments, chlorophyll f-containing PSI can 
still trap low-energy excitations rapidly and efficiently, especially at physiological 
temperatures. However, this can only be achieved by lowering the energy required for 
photochemistry, i.e. by ”breaking the red limit”. A mechanism is proposed to reconcile this 

















This chapter is based on the following publication: 
Tros, M.*; Mascoli, V.*; Shen, G.; Ho, M.-Y.; Bersanini, L; Gisriel, C. J.; Bryant, D. A.; Croce, R.; Breaking the 
Red Limit: Efficient Trapping of Long-Wavelength Excitations in Chlorophyll-f-Containing Photosystem I, 
(2021), Chem, 7, 1–19 





Cyanobacteria are a large group of bacteria that perform oxygenic photosynthesis. 
Terrestrial cyanobacteria often grow in environments where the light is strongly filtered and 
highly enriched in far-red photons (700 < λ < 800 nm), such as soils, rocks, caves, 
microbial mats and places shaded by plants.130,132 Recently, a group of cyanobacteria was 
discovered that can grow in these environments by means of an acclimation process called 
Far-Red Light Photoacclimation (FaRLiP).130,132,141 Under far-red light (FRL), the 
photosynthetic machinery of these cyanobacteria undergoes substantial remodelling, which 
encompasses the substitution of subunits of their Photosystem I (PSI), Photosystem II 
(PSII), and phycobilisomes by FRL-specific paralogues. Additionally, long-wavelength-
absorbing chlorophylls (Chls) d and f are synthesized and integrated into FRL-PSI and 
FRL-PSII.130,132,141 The FRL-specific subunits are encoded by a 20-gene cluster, which is 
highly conserved among cyanobacteria that are capable of FaRLiP.133,141 It has been shown 
that Chl a remains the major pigment in both FRL-photosystems.130,132,138 In addition, both 
FRL-PSI and FRL-PSII contain Chl f, approximately 8% and 11.4–12.7% respectively, 
while Chl d was shown to be exclusively associated with PSII (2.9–4%).137,138 These Chls 
effectively increase FRL absorption and broaden the photosynthetically active radiation 
(PAR) towards 800 nm.117,129,130,191 However, to make use of the energy of these far-red 
photons, it is crucial that the high quantum efficiencies of the photosystems (for the 
conversion of photons to electrons) are preserved.  
PSI is one of the multi-subunit membrane protein complexes necessary for the 
light reactions of photosynthesis. It harvests light energy for the oxidation of plastocyanin 
or cytochrome c6 and the reduction of ferredoxin. The structure of PSI is highly conserved 
among eukaryotic organisms and cyanobacteria.27 The conventional cyanobacterial PSI 
core complex consists of eleven or twelve polypeptide subunits and binds in total ~95 Chl a 
molecules, 22 β-carotenes, two phylloquinones (or menaquinone-4), and three [4Fe-4S] 
clusters.25,26 The majority of the Chl molecules act as antenna pigments that increase the 
absorption cross-section of the reaction center (RC). The RC consists of six Chl a pigments, 
forming two electron transport pathways. With a quantum efficiency of charge separation 
of nearly 100%, PSI is known as the most efficient light to chemical energy converter in 
nature.24,192 
The Chls in PSI are spectrally heterogeneous, most of them having absorption 
maxima distributed in the 660–690 nm region. Moreover, most of the known PSI 
complexes contain a few so-called ”red forms”, that is, Chls which absorb at energies lower 
than the photochemically active pigments in the RC, P700.24,39,193 The drastic red-shift of 
these Chls a is explained by a combination of strong excitonic interactions between two or 
more Chls a and the mixing with a charge-transfer (CT) state, which causes their 
characteristic large broadenings and Stokes  shifts.77,78 The function of the red form Chls is 
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still a matter of debate. They have been proposed to be involved in photoprotection, in the 
concentration of excitation energy, or to simply exist to broaden the absorption of PSI 
under specific light conditions.44,45,85,87 The number of red form Chls a and their respective 
energies vary from species to species.40 Although few in number, the red Chls have a 
significant influence on the energy transfer and trapping kinetics of the PSI complex. 
Because they are lower in energy than the RC, they can act as local traps, from which 
excitations are further transferred to the RC upon thermal activation (up-hill energy 
transfer).73 As a result, the overall PSI trapping time is highly dependent on the red Chl 
content, ranging from ~14 ps (at RT) in the absence of red forms93 to 50 ps or longer for 
PSI with the largest number of red-shifted Chls.39,40,86  
Like the red forms of Chl a, the Chl f molecules associated with FRL-PSI are also 
strongly red-shifted (~40 nm in organic solvents) with respect to the bulk Chl a molecules 
and absorb at wavelengths longer than the RC of canonical PSI (700 nm).129 However, their 
location and exact function are not yet fully understood. While there is no doubt that some 
Chls f serve as antenna, the involvement of this pigment in charge separation is under 
debate. Some previous spectroscopic studies concluded that Chl f participates in 
photochemistry.138,140,194,195 However, structural data of FRL-PSI from two FaRLiP strains 
indicate that Chl f is not inserted into the RC,28,29 in agreement with recent spectroscopic 
measurements.196  
For some FaRLiP strains, the excitation energy transfer (EET) dynamics within 
FRL-PSI have been investigated previously,29,137,194,195 mainly at cryogenic temperature   
(77 K).137,191,197 However, open questions remain concerning how the low-energy Chl f 
pigments are energetically connected to Chls a, to each other, and to the RC. To what 
extent do these low-energy Chls compete with trapping in the RC, and thereby affect the 
quantum efficiency of FRL-PSI in comparison to PSI complexes produced in white 
(visible) light (WL-PSI)? Similar to the case of red Chls a in WL-PSI, relatively small 
differences in the number, absorption energies and locations of the Chls f might lead to 
significant differences in the EET and trapping kinetics in FRL-PSI.20 Because several 
distantly related strains have been shown to perform FaRLiP, it is thus possible that their 
PSI excitation dynamics differ. We addressed these questions in this work by comparing 
the spectroscopic properties of WL-PSI and FRL-PSI complexes isolated from four FaRLiP 





Materials and Methods 
 
Strains and growth conditions  
In this study, four cyanobacterial strains capable of FaRLiP were selected for study and 
were obtained from the Pasteur Culture Collection198    
(http://www.pasteur.fr/pcc_cyanobacteria). Fischerella thermalis strain PCC 7521 
(hereafter FT7521) was originally isolated from a hot spring near Mammoth Sinkhole II in 
Yellowstone National Park, WY, United States. Chroococcidiopsis thermalis PCC 7203 
(hereafter CT7203) was originally isolated from soil near Greifswald, Germany. 
Chlorogloeopsis fritschii PCC 9212 (hereafter CF9212) was isolated from a thermal feature 
near Ourense, Spain. Finally, unicellular Synechococcus sp. strain PCC 7335 (hereafter 
Syn7335) was originally isolated from a snail shell in an intertidal zone near Puerto 
Penasco, Mexico. Cells of FT7521, CT7203, and CF9212 were grown in B-HEPES 
medium, that was prepared by supplementing BG-11 medium with 4.6 mM                         
4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES)-KOH and 18 mg L–1 ferric 
ammonium citrate.199 Cells of Syn7335 were cultured in medium ASN III198 to which 
vitamin B12 (10 μg·mL−1, final concentration) and 8 mM Tris-HCl, pH = 8.0 were added. 
Liquid cultures of FT7521, CT7203, and CF9212 were grown at 38 °C, and Syn7335 was 
grown at 30 oC. All liquid cultures were sparged with 1% (v/v) CO2 in air. Cool fluorescent 
bulbs provided continuous illumination (~220 µmol photons m–2 s–1) for standard          
white-light (WL) growth conditions for FT7521, CT7203, and CF9212, and at ~110 µmol 
photons m−2·s−1 for Syn7335. For growth of liquid cultures under far-red light (FRL) 
conditions, FRL (25–30 µmol photons m–2 s–1) was provided with 720 nm LED light panels 
(L720-06AU) (Marubeni, Santa Clara, CA, United States) or a combination of green- and 
red-light-transmitting filters, as described previously.28,135,142 
 
Purification of trimeric PS I complexes 
Trimeric PSI complexes were purified from cells of four different FaRLiP strains as 
described previously.28,135,142 Membranes isolated from WL-cells or FRL-cells were          
re-suspended in membrane isolation buffer (50 mM 2-(N-morpholino-) ethanesulfonic acid 
(MES), pH 6.5, 10 mM CaCl2 and 10 mM MgCl2). Solubilisation of membranes was 
achieved by addition of n-Dodecyl β-D-maltoside (β-DM) to 1% (w/v) with gentle stirring 
at 4 oC. Resolution of photosystem complexes was achieved through sucrose gradient 
ultracentrifugation. Green-coloured fractions containing trimeric PSI complexes were 
collected, dialyzed, and concentrated. The isolated PSI complexes were purified further by 
ultracentrifugation on similar sucrose gradients lacking added β-DM. Purified PSI 
complexes were re-suspended in PSI storage buffer (50 mM MES, pH 6.5, 10 mM CaCl2, 
10 mM MgCl2, 0.05% (w/v) β-DM, and 5% (w/v) glycerol).  
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Pigment Extraction and HPLC analysis 
Methods of pigment extraction, pigment quantitation and high-performance liquid 
chromatography (HPLC) analysis were described previously.28,135,142 Pigments were 
extracted from purified PSI complexes by sonication with acetone/methanol (7:2, v/v). 
After centrifugation and filtration, pigments were analysed by reversed-phase, HPLC on an 
Agilent 1100 HPLC system equipped with a Model G1315B diode-array detector (Agilent 
Technologies, Santa Clara, CA) using an analytical Discovery C18 column (4.6 mm × 25 
cm) (Supelco, Sigma-Aldrich, St. Louis, MO). The HPLC data were processed using 
Agilent ChemStation software (revision B.02.01-SR1 6100 series). For detection of Chls a, 
d, and f species as well as carotenoids, absorbance spectra of all eluted compounds were 
collected between 350 and 900 nm at 0.5 s intervals.  
 
Absorption, Circular Dichroism and steady-state fluorescence measurements 
Room temperature (RT) absorption spectra of isolated WL-PSI and FRL-PSI complexes 
were recorded with a Cary 4000 spectrophotometer (Varian). The circular dichroism (CD) 
spectra were measured using a Chirascan CD Spectrophotometer (Applied Photophysics) 
with samples at optical density (OD) 0.6 cm–1 at the maximum of the Qy absorption band. 
The samples were diluted to the desired OD using the same buffer used for purification 
(i.e., in MES buffer (pH 6.5) containing 10 mM CaCl2, 10 mM MgCl2, 0.05% (w/v) β-DM 
and 5% (w/v) glycerol). The fluorescence emission spectra were recorded at 77 K and RT 
using a Fluorolog 3.22 spectrofluorimeter (Jobin Yvon-Spex). The excitation wavelength 
was 500 nm, and emission was detected in the 600–850 nm range. Excitation and emission 
bandwidths were set to 3 nm. All fluorescence spectra were measured at OD ≤ 0.05 cm–1 at 
the maximum of the Qy absorption band. For 77 K measurements a liquid nitrogen cooled 
device was used (cold finger).  
 
In vitro time-resolved fluorescence streak measurements at room temperature 
Time-resolved fluorescence (TRF) measurements at RT were performed with a Hamamatsu 
C5680 synchroscan streak camera, combined with a Chromex 250IS spectrograph.200 A 
grating of 50 grooves per mm and blazed wavelength of 600 nm was used. The central 
wavelength was set at 720 nm, giving a detection range from 590 nm to 860 nm and a time 
range from 0 to 140 ps (TR1 temporal response of 4–5 ps) was chosen. The 400 nm 
excitation light was vertically polarized, the spot size diameter was typically ∼100 μm, and 
the laser repetition rate was 250 kHz. The fluorescence was collected at 90° from the 
excitation direction after passing a 630 nm long-pass filter. The laser power was set to     
200 μW for all WL-PSI complexes, and to 150 μW for all FRL-PSI complexes. Careful 
power-dependent studies for each individual complex confirmed the absence of annihilation 
in these chosen conditions (see Figure S1). Approximately 500 µL of sample with an OD of 
0.6 cm–1 at the maximum of the Qy absorption band was measured at RT. The sample was 
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magnetically stirred in a 1cm × 1cm cuvette with speed of 750 rpm and, to avoid 
reabsorption, the excitation laser was focused in the sample close to the cuvette walls. The 
averaged images were corrected for background and shading, and then sliced into traces of 
∼2 nm width. Except for Syn7335, the reproducibility of all spectroscopic results was 
successfully tested via measurements on two independent biological replicates of all PSI 
samples. 
 
Time-correlated single photon counting of CT7203 PSI at cryogenic temperature 
TRF of PSI complexes from CT7203 was measured at 77 K by means of time-correlated 
single photon counting (TCSPC) on a FluoTime 200 from PicoQuant. A 438 nm excitation 
wavelength was used, with a repetition rate of 10 MHz. The sample, with an OD of            
≤ 0.1 cm–1 at Qy maximum, was taken up in a glass Pasteur pipette and instantly frozen in 
liquid nitrogen. To investigate the effect of P700+ quenching, the experiments were 
performed in two redox conditions: the sample i) frozen without any reducing agents 
having thereby fully oxidized complexes and ii) frozen in the dark in the presence of a 
reducing mixture of 40mM sodium ascorbate and 50 μM phenazine methosulfate (PMS),194 
in which the RCs are initially fully reduced (i.e., in open state). Illumination by the laser 
excitation light leads to a mixed sample of oxidized and reduced PSI complexes as in one 
part of the RCs the P700+FA/B– radical pair is irreversibly formed, whereas the other fraction 
remains reduced as the charges recombine after charge separation.201 For the measurement 
the sample was placed in a cold finger. Prior to each measurement, a power study at the 
detection wavelength of maximal emission was performed to avoid power-dependent 
artefacts (Figure S2). The fluorescence signal was acquired at different wavelengths until a 
number of 10.000 counts at peak maximum or the maximal recording time of 15 minutes 
was reached, using a time window of 20 ns and a time bin of 4 ps. The reproducibility of 
the results was successfully tested via measurements on two independent biological 
replicates of PSI samples from C. thermalis. 
 
Global data analysis  
The TRF datasets were first globally analysed with either the R package TIMP-based 
Glotaran202 (streak-camera data), or with the “TRFA Data Processing Package” (TCSPC 
data) of the Scientific Software Technologies Center (Belarusian State University, Minsk, 
Belarus). The methodology of global analysis is described in Van Stokkum et al.160. The 
datasets were analysed with both a parallel exponential model (yielding the decay 
associated spectra, DAS) and a sequential model, (yielding the evolution associated spectra, 
EAS). For the streak camera results the instrument response function (IRF) was fitted with 
a single Gaussian with a full width at half maximum (FWHM) of 4–5 ps. For the TCSPC 
traces, the IRF was estimated via the measured decay of pinacyanol iodide in methanol 
(lifetime of around 6 ps) at RT and had a FWHM of 88 ps. The amplitudes of the resulting 
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DAS are normalized to the first EAS, representing the t0 (time zero) spectrum. The fitting 
quality was assessed by residual inspection and by the χ2 value (only for TCSPC data). The 
lifetime of the main decay (i.e., entirely positive) component is an estimate of the time in 
which charge separation (CS) occurs and can be used to calculate the photochemical 
efficiency of the PSI complex. The quantum efficiency of charge separation, ΦCS, is 
calculated as ΦCS = 1 − (τtrap/ τnoCS) where τnoCS is the decay time of the excitation when no 
charge separation occurs (fixed to 4.0 ns). 
 
Target data analysis 
To investigate the connectivity of the low-energy Chl f states (denoted Chl f750 and f790) 
in FRL-PSI, a target analysis was performed on a simplified artificial dataset reconstructed 
from of the experimental TRF data measured at RT with the streak camera. This artificial 
dataset consisted of the exponential decay of the f750-to-f790 (blue DAS, Figure 3B,D,F, 
and H) and main trapping (green DAS, Figure 3B,D,F, and H) components from the global 
analysis of the experimental data: 
 
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑢𝑢𝑢𝑢𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑛𝑛𝑛𝑛𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝜆𝜆𝜆𝜆, 𝑡𝑡𝑡𝑡) = 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴1(𝜆𝜆𝜆𝜆) ∙ 𝐹𝐹𝐹𝐹
− 𝑡𝑡𝑡𝑡𝜏𝜏𝜏𝜏1 + 𝐷𝐷𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2(𝜆𝜆𝜆𝜆) ∙ 𝐹𝐹𝐹𝐹
− 𝑡𝑡𝑡𝑡𝜏𝜏𝜏𝜏2  (1) 
 
This artificial dataset was fitted with a kinetic model (Figure 4A) consisting of two 
compartments representing the Chl f750 and f790 pools, respectively. The compartments 




Pigment analyses of the isolated FRL-PSI complexes show that their contents of Chl f are 
very similar for all strains (Syn7335, CF9212, FT7521, and CT7203) and always around 
8% of the total Chls, indicating that there are seven or eight Chl f molecules per PSI 
monomer (Table S1).  
 
Steady-state spectroscopy 
Due to the insertion of Chl f in the FRL-PSI complexes, the absorption spectra (Figures 1A 
and S3) of the FRL-PSI complexes (in red) are enhanced in the 700–800 nm range in 
comparison to the WL-PSI complexes (in black) from the same strains. Gaussian 
deconvolution of the WL-PSI absorption spectra (Figures 1B and S4) yielded one (WL-PSI 
of Syn7335 and CT7203) or two (WL-PSI of CF9212 and FT7521) bands that can be 
assigned to red Chl a forms. These bands are centered at approximately the same 
wavelengths (707 and 727 nm) in each strain, similar to what has been observed in other 
cyanobacteria.40 They account for respectively 3.8–5.5% and 1.1–1.2% of the total 
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absorption in the Qy region (λ = 660–850 nm) (Table S2) and correspond to a total of four 
to six red Chl a molecules depending on the strain.  
The Qy absorption (λ = 660–850 nm) spectra of FRL-PSI complexes consist of 
multiple overlapping bands, which could be simultaneously fitted with five Gaussians (see 
Figures 1C and S4, Supplemental Methods 1 and Table 1). Similar to WL-PSI, the first two 
bands, with maxima at 675 and 681 nm, describe the absorption of the majority (bulk) of 
the Chl a molecules, while Band #3 is approximately centered at 708 nm and is likely 
contributed by red Chls a. Bands #4 and #5, with similar central wavelengths (around 729 
and 771 nm in most cases) among the different strains, account for the enhanced far-red 
absorption that we attribute to two pools of Chl f molecules. The FRL-minus-WL 
difference absorption spectra confirm that these bands have similar peak positions (Figure 
1D). The main differences among the strains are observed for band (#5) of FRL-PSI of 
Syn7335 and band (#4) of CT7203, which are significantly blue-shifted (from 771 nm to 
758 nm) and red-shifted (from 729 nm to 737 nm), respectively. These differences are 
possibly due to variations in the excitonic and/or CT interaction strengths (weaker in    
FRL-PSI of Syn7335 and stronger in FRL-PSI of CT7203) between Chls f and/or to 
different locations of these pigments within the proteins among the different strains. The 
areas of the bands were used to estimate the number of Chls in each pool (Table 1). Of the 
expected total of 7–8 Chls f, the red-most band (#5) accounts for approximately two of 
them and band #4 for the remaining five to six. Moreover, based on the area of Band #3, 









Figure 1. Absorption spectra of isolated PSI complexes at room-temperature. (A) Absorption spectra of PSI 
complexes isolated from cells of CF9212 grown in WL (black, CF9212WL) and FRL (red, CF9212FR). The 
spectra of the other strains are shown in Figure S3. The spectra are normalized to the Qy absorption maximum. (B) 
Far-red absorption of WL-PSI complexes; the inset shows the Gaussian deconvolution of the CF9212WL 
spectrum. (C) Far-red absorption of FRL-PSI complexes; the inset shows the Gaussian deconvolution of the 
CF9212FR spectrum. In the legends of (B) and (C) the samples are denoted with their short names (strain and light 
condition, see Table S1). Deconvolutions of the absorption spectra of all other strains are displayed in Figure S4. 
D) FRL-minus-WL difference absorption spectra. Prior to subtraction, the spectra were normalized to the Qy 
absorption area (λabs = 660–850 nm) taking into account the difference in Chl content of WL- and FRL-PSI (~9526 





Table 1. Parameters from the gaussian deconvolution of absorption spectra of FRL-PSI complexes. Number 
of Chls, areas, and central wavelengths of the Gaussian bands obtained from deconvolution of the RT absorption 























(6.4%, 705 nm) 
5.9 
(9.8%, 727 nm) 
2.0 







(5.5%, 708 nm)& 
5.6 
(9.0%, 729 nm)^ 
2.2 







(6.3%, 707 nm)& 
5.6 
(9.0%, 729 nm)^ 
2.4 







(6.3%, 709 nm)& 
5.5 
(8.8%, 739 nm)^ 
1.9 
(3.0%, 772 nm)*# 
aThe number of Chls contributing to each band was calculated by assuming a total of 89 Chls for the FRL-PSI of 
all strains.28,29 Areas are given as percentage of the Qy absorption over the range λ = 650–850 nm. In order to 
compare the results from different strains, the central wavelengths $, *, and/or widths (FWHM) &, ^, # of several 
corresponding bands in different strains were constrained to the same value (*initially constrained and afterwards 
freed, see Supplemental Methods 1). bThe Qy absorption band of Chl f in methanol is broader than that of Chl a (in 
range λ = 650–850, Area ratio AChlf/AChla = 1.49),203 which was accounted for in the calculations. 
 
For all strains, the CD spectra of WL-PSI and FRL-PSI (Figure S5) are very similar, 
indicating no major differences in their pigment organization. The negative signals in the 
region >700 nm in the FRL-PSI samples indicate the insertion of Chl f within the PSI 
complexes. 
The main emission band of the WL-PSI complexes is observed at 679–687 nm 
(Table S3) and stems from bulk Chls a (Figure 2, black lines), whereas a shoulder is present 
at wavelengths above 700 nm and results from the red Chls a. At 77 K (Figure S6), the 
emission from the red Chl a molecules dominates and the complexes have their maximal 
fluorescence at 722–725 nm (Table S3).  
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Figure 2. Fluorescence spectra at room temperature of PSI complexes. The complexes are isolated from cells 
grown in WL (black) and FRL (red). Excitation wavelength: 500 nm. PSI complexes are denoted with shortened 
names indicating strain, number, and light conditions used for cell growth (Table S1). The central wavelengths of 
the main emission bands are listed in Table S3. The short-wavelength emission band in panel D for the 
CT7203WL was due to the presence of some contaminating phycobiliproteins in this sample. 
 
In comparison to WL-PSI, the main emission bands of FRL-PSI at RT are         
red-shifted to 738 nm (740 nm at 77 K) for Syn7335, 742 nm (743 nm at 77 K) for CF9212, 
746 nm (747 nm at 77 K) for FT7521, and 754 nm (753 nm at 77 K) for CT7203, 
respectively (Table S3). In all FRL-PSI spectra, an additional band around 790 nm (which 
shifts to 799–812 nm at 77 K; Figure S6 and Table S3) is also present. These two emission 
bands can be assigned to the two Chl f pools identified by deconvolution of the absorption 
spectra and will be referred to as f750 and f790 hereafter. In FRL-PSI of Syn7335, this   
low-energy Chl f band is much less intense and is blue-shifted by 12 nm (Figures 2A and 
S6A; Table S3) with respect to the other strains, which is consistent with the red-most 





Time-resolved fluorescence of WL-PSI complexes   
TRF data of the isolated PSI complexes measured with a streak camera setup upon 400 nm 
excitation were analysed globally to yield the DAS shown in Figure 3. In all four WL-PSI 
complexes, the first component, with a lifetime of 3–7 ps (black, Figure 3A,C,E, and G), 
describes EET from bulk to red Chl a (emitting around 720 nm). In WL-PSI of FT7521 and 
CF9212, the 12–15 ps component (red, Figure 3C and E) represents mostly EET from bulk 
Chl a to a more red-shifted pool of Chls a (emitting at 736 nm). The main fluorescence 
decay component (blue), representing energy trapping by the RC, have DAS peaking in the 
711–721 nm range and lifetimes between 30 and 37 ps (similar to the PSI complexes of 
other cyanobacteria39,40,204). The trapping component also contains a shoulder at ~690 nm 
contributed by bulk Chls a. The minor, long-lived components (magenta in Figure 3, 
enlarged in Figure S7A) represent the fluorescence decay of a small amount of unconnected 
pigments present in each of the preparations.  
  
Time-resolved fluorescence of FRL-PSI complexes   
TRF data of FRL-PSI complexes of CF9212, FT7521, and CT7203 (Figure 3D,F, and H) 
could be described with five components, while four components were sufficient for    
FRL-PSI of Syn7335 (Figure 3B). In all four samples, the first (black, Figure 3B,D,F, and 
H) component, with a lifetime of 2.8–3.6 ps, stems from energy transfer from bulk Chl a to 
multiple pools of low-energy Chls, including red Chls a (at about 720 nm) and Chls f (f750 
and f790). The 12–16 ps (red, 26 ps in Syn7335) component mainly describes EET from 
red Chls a to Chls f (f750). In FRL-PSI of CF9212, FT7521, and CT7203 (Figure 3D,F,and 
H), an additional energy transfer component (blue DAS) could be resolved, representing 
equilibration between the Chl f pools (f750-to-f790) on a 50–60 ps timescale. For FRL-PSI 
of Syn7335, this component could not be resolved, possibly because the bands of f790 and 
f750 largely overlap (Figure 2A and 3B). The final trapping by the RC (green DAS) occurs 
in about 120 ps in all complexes. The latter component shows two peaks at 750 nm and 790 
nm, which suggest that trapping occurs from both Chl f pools. The final long-lived 
components (magenta in Figure 3, enlarged in Figure S7B) are due to small amounts of 
unconnected Chls.  
 Lifetimes of the main decay components and calculated quantum efficiencies for 
all WL- and FRL-PSI complexes are reported in Table S4. A three- to four-fold increase in 
the trapping time is observed for the FRL-PSI complexes (about 120 ps) when compared to 
the WL-PSI complexes (about 35 ps). However, this does not lead to a significant decrease 
in the FRL-PSI trapping efficiency (about 97%) in comparison to WL-PSI (about 99%). 
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Figure 3. Global analysis  of  time-resolved fluorescence (TRF) measurements at room temperature (RT). 
DAS obtained from global analysis of the TRF measurements performed at RT upon 400 nm excitation of isolated 
PSI complexes. Each PSI complex is identified by a shortened name indicating strain, number and light conditions 
used for cell growth. All TRF datasets were analysed separately using a sequential model with 3 to 5 exponential 
components: WL-PSI and FRL-PSI of Syn7335 (A and B), CF9212 (C and D), FT7521 (E and F) and CT7203    
(G and H). Spectra are normalized to the first EAS (time zero spectrum). 
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Target Analysis: trapping occurs from both Chl f pools in FRL-PSI 
The large spectral difference between f750 and f790 advocates for a substantial 
equilibration of the excitations in favor of the f790 pool. Global analysis of FRL-PSI data, 
however, reveals that energy trapping by the RC occurs from both Chl f pools with an 
overall ~120 ps lifetime. In order to investigate the connectivity of the two distinct Chl f 
pools with each other and with the RC, a target analysis was performed on a simplified 
artificial dataset (See materials and Methods) including the f750-to-f790 EET component 
(blue DAS in Figure 3B,D,F, and H) and the main trapping component (green DAS) only 
(the selected DAS of FRL-PSI of CT7203 are shown in Figure 4B). The model (Figure 4A) 
consists of two compartments, which schematically represent the five-to-six f750 and the 
two f790 pigments. The two compartments can exchange excitations between each other 
and possibly transfer energy to the RC, where charge separation occurs. In this respect, the 
decay lifetimes assigned to these two pools are effective parameters incorporating both 
energy transfer to the RC and charge separation. Based on the global analysis, the 
equilibration with Chl a was assumed to be much faster than that between the two Chl f 
pools and trapping by the RC. In this view, the excitation vectors represent the relative 
amounts of excitations accepted by the two Chl f pools from the surrounding Chl a 
pigments. According to this model, no spectrum is assigned to the RC pigments. This 
approximation is reliable if the excitations do not accumulate at the RCs to a significant 
extent, which is consistent with both the so-called trap-limited and transfer-to-trap limited 
kinetic models.24,39,205  
A successful description of the data required each compartment to have a 
relatively short lifetime. Because excitations from both Chl f pools of FRL-PSI were shown 
to drive charge separation at RT,138,139 we interpret our result with the fact that both f750 
and f790 are energetically connected to the RC and are, therefore, quenched by 
photochemistry (Figure 4B shows an overlay of the experimental and reconstructed DAS). 
The fitted rates of excited-state decay of the two pools (due to trapping) are also 
comparable to that of equilibration, meaning that the overall system is not entirely 
equilibrated before charge separation takes place. The two resulting species associated 
spectra (SAS) of the f750 and f790 pools are shown in Figure 4C. Notably, the 3:1 ratio 
between the f750:f790 excitation vectors reproduces the estimated numbers of Chls f in the 
two pools (6:2). Moreover, the EET rates between the two compartments realistically favor 
the lower-energy f790 pool and are consistent with Boltzmann distribution at RT. The 
faster trapping rate from the f790 compartment relative to the f750 suggests that the f790 
pigments are better connected to the RC. This better connectivity might be required to 
compensate for the higher energy barrier that needs to be climbed to reach the RC 
pigments. The results of a similar target analysis on the data of FT7521 FRL-PSI are 
displayed in Figure S8 and are consistent with the discussion presented above.    
 
4




Figure 4. Target analysis of time-resolved fluorescence (TRF) data. Target Analysis of TRF data of FRL-PSI from 
CT7203 based on f750-to-f790 EET and main trapping components from global analysis (blue and green DAS in 
Figure 3H). A) Adopted kinetic model. The lightning bolts indicate the relative amount of initial excitation in each 
compartment (expressed as a percentage), whereas the arrows indicate energy transfer steps or excited-state 
decays, whose rates are given in ns−1. B) Reconstructed DAS from target analysis (dashed, blue and red) and the 
DAS from the global analysis (solid, dark blue and green). C) Estimated SAS and D) population kinetic profiles of 
f750 (blue) and f790 (red). 
   
Time-correlated single photon counting  experiments at cryogenic temperature 
In order to investigate further the connectivity of the Chl f pools with the RC, TCSPC 
measurements were conducted on the PSI complexes of CT7203 at 77 K, where uphill EET 
is essentially prevented. Multiple studies have shown that at 77 K, the fluorescence spectra 
and lifetimes of certain PSI complexes depend on the redox state of P700.41,201,206,207 This 
effect is observed when the emission of strongly red-shifted Chls in the antenna overlaps 
with the broad absorption of oxidized P700+, centered at 780 nm. If this condition is verified 
(as is the case for f750 and f790 found in FRL-PSI) and the red-shifted Chls are nearby the 
RC, they can be quenched by the oxidized P700+. The occurrence of this effect has 
sometimes been used to derive conclusions concerning the proximity between certain red 
Chl pools and the RC,201 which is relevant to our investigation. We therefore measured 
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steady-state and time-resolved fluorescence of WL-PSI and FRL-PSI at 77 K in the absence 
or in presence of ascorbate and PMS: in the first case, P700 is fully oxidized, whereas in the 
second case it is partially reduced (Materials and Methods).41,201,207 The effect of the redox 
state of P700 is directly observed in the steady-state 77 K fluorescence of FRL-PSI of 
CT7203 (Figure 5A), as the relative intensity of the f790 emission increases by a factor of 
four in the presence of the reducing agents. Conversely, the overall shape of the steady-
state fluorescence spectrum of WL-PSI of CT7203 at 77 K is essentially independent of the 
redox state of P700. Figure 5B shows the fluorescence decay kinetics of FRL-PSI of CT7203 
at 750 (black) and 810 nm (red) in the absence (dashed lines) and presence (solid lines) of 
the reductant, respectively. A strong dependence of the fluorescence lifetime on the P700 
redox state is observed for the 810 nm emission (stemming from the f790 pool), as the 
fluorescence decay becomes significantly longer lived when the reducing reagents are 
added. By contrast, the difference in the fluorescence decay kinetics of the f750 pigments is 
only minor. Global analysis of the fluorescence traces recorded at different emission 
wavelengths (see Supporting Methods 2 and Figure S9) further supports these conclusions.  
These results show that the f790 pool can be quenched by P700+ and therefore must 
be located relatively close to the RC, in agreement with the results from target analysis of 
RT TRF data. On the other hand, the f750 emission substantially decays on a relatively 
short lifetime (about 300 ps) even in the presence of the reducing reagents, that is, when 
quenching by P700+ should be significantly prevented. This suggests that the majority of 




Figure 5. Fluorescence experiments on PSI of CT7203 at cryogenic temperature. A) Steady-state fluorescence 
spectra (excited at 500 nm) of WL-PSI (black, CT7203WL) and FRL-PSI (red, CT7203FR) with (solid) and 
without (dashed) reducing agents (40 mM Ascorbate and 50 μM PMS) at 77 K. WL-PSI spectra are normalized to 
their maxima. FRL-PSI spectra are normalized to the maximum of the f750 emission band. B) Fluorescence traces 
detected at 750 (black) and 810 nm (red) from samples with (solid) and without (dashed) reducing agents, 
respectively. TRF measurements were performed at 77 K with a TCSPC setup upon 438 nm excitation (Materials 
and Methods). The short-wavelength emission band at ~650 nm in CT7203WL was due to the presence of some 
contaminating phycobiliproteins in this sample. 
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Red Chls a and Chls f provide FRL-PSI with an exceptionally broad far-red absorption  
The remodelling of PSI and the substitution of several Chl a molecules with the red-shifted 
Chls f result in an increase in FRL absorption — up to almost 800 nm — in the FRL-PSI 
complexes of all strains. The extra absorption consists of two new bands that peak in the 
727–737 nm and 758–770 nm ranges and that arise from two pools of five or six and two 
Chl f molecules, respectively. Because of their large red-shifts, the Chl f absorption bands 
are distinct from the only moderately red-shifted bands observed in most cyanobacteria, 
which are attributed to red-shifted Chl a molecules. Notably, the WL-PSI complexes 
analysed here contain four to six red Chls a, mostly absorbing around 708 nm, and a similar 
number of red Chls a is also estimated in all FRL-PSI complexes. This indicates that the 
insertion of Chl f in FRL-PSI does not lead to a significant loss of red Chls a, suggesting 
that the Chls f do not simply substitute for red Chls a in the FRL-PSI complexes. From a 
biological perspective this makes sense, because the presumptive aim of FaRLiP is to 
enhance FRL absorption, and the red Chls a already absorb in this spectral region. At 
variance with WL-PSI, however, the red Chls a of FRL-PSI are no longer the            
lowest-energy pigments and excitations are rapidly (12–15 ps) transferred from them to the 
Chls f. Similar to the Chl a red forms, the lowest-energy Chls f (f790) are presumably the 
result of an enhanced excitonic and/or CT interaction (in either a homodimer28 or a 
heterodimer with a Chl a29,196) caused by a change in the protein environment. The 
importance of specific pigment-protein interactions for the occurrence of strongly           
red-shifted fluorescent states (especially f790) is underlined by recent studies in which Chl f 
was inserted into the WL-PSI of the non-FaRLiP strain Synechococcus sp. PCC 7002 
(Chapter 5).139,208 The resulting engineered complexes do not contain f790, and the 
enhancement of the absorption in the far-red region (as well as the extent of red-shift in the 
emission) is significantly lower than in the natural FRL-PSI investigated here. 
 
Are the excitations equilibrating between the Chl f pools in the antenna?  
FRL-PSI of all strains possesses two distinct Chl f pools, whose emission bands (f750 and 
f790) are observed both at RT and 77 K. The TRF experiments at RT show that the f750 
and f790 emitters are connected by EET (Figure 3). The relative intensities of the two 
bands in the steady-state fluorescence spectra at 77 K, however, clearly contradict the 
Boltzmann distribution (Figure S6). In the case of a fully equilibrated system, indeed, 
nearly all excitations should be trapped by the lowest energy Chls at 77 K, resulting in a 
single emission band around 810 nm. Even at RT, due to the large energy gap between f750 
and f790 (more than three times kbT), the Boltzmann distribution predicts a much higher 
f790/f750 equilibrium ratio than what is observed in the steady-state spectra (Figure 2) and 
in the DAS representing FRL-PSI trapping (green spectra in Figure 3B,D,F, and G). These 
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observations imply that the equilibration between the Chls f in the antenna is incomplete. 
Target analysis of TRF data of FRL-PSI at RT predicts comparable rates for EET between 
f750 and f790 and energy trapping from both pools by the RC, which explains why a full 
equilibration between the two pools is never reached at physiological temperatures. The 
relatively slow equilibration between f750 and f790 could be explained by the presence of 
intermediate uphill EET steps, most probably involving red Chls a or blue-shifted Chls f. 
Due to this “energy barrier”, the connectivity between f750 and f790 could be weakened at 
lower temperatures, resulting in the presence of two independent low-energy sinks that 
cannot exchange excitations. This would account for the two distinct spectral bands 
observed in the fluorescence spectra also at 77 K (Figure S6).  
 
Connectivity between the antenna and the RC  
Another important outcome of the target analysis is the fact that trapping must occur from 
both Chl f pools separately. The faster trapping from f790 in comparison to the f750 Chls is 
unexpected, as it most likely involves a more uphill EET step to the RC. This observation 
could indicate that the lower-energy Chl f molecules are positioned closer to the Chls of the 
RC and are better connected to them than the remaining Chls f. This hypothesis is 
confirmed by the low-temperature fluorescence experiments, which show that the 
fluorescence lifetime of f790 at 77 K is strongly dependent on the redox state of the RC 
(P700). A similar trend was observed before for the red-most Chl a states in PSI of 
Synechococcus elongatus and Arthrospira platensis, emitting at 740 and 760 nm, 
respectively, at 77 K.41,201,206,207 The intrinsic 1.12–ns lifetime of the f790 states (i.e., in 
absence of P700+ quenching) is also very similar to that of the unquenched red Chl a states 
of S. elongatus41 and A. platensis.206 Based on the current structural data, a suitable 
candidate for f790 is the B37/B38 pair.138 Indeed, Chl B37 has been confidently identified 
as Chl f in both structures28,29 and is strongly coupled to its partner pigment B38. This Chl 
dimer is relatively close to the RC pigments, to which it is reasonably well coupled (Tables 
S5 and S6; Figure S10). Based on similar considerations, the B29/B30 dimer (with B30 
identified as Chl f 28,29) also represents a potential candidate for f790 (see Table S5 for 
details). Although B38 was not initially identified as Chl f,28,29 after close evaluation of the 
high-resolution ESP map,29 protein structural changes around the binding site are found that 
indicate B38 is probably also a Chl f in FRL-PSI (Supplemental Methods 3 and Figures S11 
and S12). From a spectroscopic perspective, the extremely large red-shift of the f790 
spectroscopic bands (for absorption: 66 nm compared to Chl f in methanol, 32–43 nm from 
f750) is in agreement with the hypothesis that f790 is a Chl f homodimer (B37/B38).138 The 
earlier proposed A20/A21 dimer,28 in which A20 is strongly suggested to be Chl f, appears 
to be too distant and too weakly coupled to the RC pigments to be a candidate dimer for the 
f790 pigments.  
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Conversely, the 77 K fluorescence decay of f750 is less dependent on the RC 
redox state and remains relatively fast when P700 is reduced (300 ps). This fast decay 
advocates for an additional quenching mechanism, which is specific for this Chl f pool. 
Because, at low temperatures, uphill EET is suppressed and downhill EET to f790 is largely 
incomplete, the most likely quenching mechanism for f750 remains photochemistry. This 
hypothesis agrees with previous spectroscopic measurements showing that charge 
separation can be still driven by 750 nm photons at 77 K.138 
 
FRL-PSI reaction centers trap low-energy excitations with unexpected efficiency  
Our results establish that the insertion of Chl f in PSI translates into a slower equilibration 
of the excitations within the antenna and their slower delivery to the RC. This is reflected 
by an increase in the average trapping time from about 35 ps in WL-PSI to 120 ps in      
FRL-PSI. This slower trapping is most likely a consequence of a less effective connectivity 
between the few Chls f in the antenna and of the uphill energy transfer steps between the 
antenna and the RC. Considering its peculiar energetics, however, FRL-PSI maintains a 
surprisingly high photochemical efficiency (about 97%, compared to 99% for WL-PSI).139 
How can excitations from the extremely low-energy f790 be trapped—and also relatively 
rapidly—by the RC and used to drive photochemistry at physiological temperatures? The 
experimental trapping lifetime (120 ps) is an effective parameter that includes both energy 
transfer to the RC and the first charge separation step.39,50 Under the assumption of        
trap-limited kinetics, the intrinsic lifetime of charge separation by the RC can be calculated 
from the effective trapping time and the probability of an excitation to be located on one of 
the RC pigments (see Supplemental Methods 4). The reported structures of FRL-PSI 
indicate that no Chl f is integrated in the RC,28,29,139,196 which means that the energy needed 
for charge separation remains the same as in WL-PSI (700 nm). In this case, energy transfer 
to the RC from f750 or f790 is expected to be extremely unfavorable and excitations would 
be almost irreversibly trapped in the antenna (see Supplemental Methods 4 and Table S7).  
Because of the presence of such strong bottlenecks, the intrinsic lifetime of charge 
separation by a canonical RC would need to be less than 60 fs (see Supplemental Methods 
4), which is not only far faster than the measured charge separation in photosynthetic 
organisms, but even faster than the electron transfer rate between two molecules that are in 
physical contact with each other (van der Waals contact) according to Marcus Theory of 
electron transfer.209 In contrast, when the energy required for photochemistry is lowered to 
750 nm by the presence of a low-energy excited state in the RC, an intrinsic lifetime for 
charge separation of 1.85 ps is obtained. This value is in line with those previously reported 
(0.9–2.0 ps) for charge separation in cyanobacterial PSI31 and with the 1.5 ps lifetime 
calculated here for WL-PSI.  
The remarkably fast trapping of nearly 800 nm excitations by the RC at RT, as 
well as the evidence for charge separation driven by 750 nm photons at 77 K, are hard to 
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reconcile with the canonical PSI RC (i.e., absorbing at λ < 700 nm). These two findings can 
only be rationalized with the presence of a low-energy excited state in the RC. An obvious 
explanation meeting this requirement would be the insertion of one or more Chls f in the 
RC of FRL-PSI, as suggested by previous spectroscopic data.138 However, it was recently 
concluded from the analysis of structural data that Chl f is not located in the RC,28,29 
meaning that other possibilities for low-lying excited states, involving Chl a only, need to 
be explored. Interestingly, it was reported that the absorption of far-red photons with 
wavelengths extending beyond 800 nm can still drive charge separation (both at RT and   
77 K) in WL-PSI of cyanobacteria210 and plants,211 despite the very small absorbance of 
these complexes at λ > 750 nm. This observation has been interpreted as supporting the 
presence of a weakly absorbing CT state in the excited-state manifold of the RC Chls, 
which borrows some oscillator strength from the mixed exciton states. Even though the 
precise absorption band of this state could not be resolved, it was estimated that the CT 
state carries an oscillator strength of about 10% of that of a Chl a Qy excitation. Its 
absorption band is also significantly broader due to the increased homogeneous and 
inhomogeneous disorder, extending in the 750–800 nm region. Due to the good spectral 
overlap, this CT state represents a suitable acceptor of excitations from the Chls f in the 
antenna, potentially also at low temperatures. The lowest energy Chls f (f790) excitations 
become significantly longer lived at 77 K, which indicates that the band of the low-energy 
RC excited state is located in between that of the f750 (750 nm) and f790 (810 nm) pools. 
This is consistent with the previous estimation of the position of this CT state.210  
For this mechanism to be efficient, as suggested by our data, the Chl f donor in the 
antenna must be located relatively close to the RC. This condition is required to compensate 
for the weak dipole strength of the CT state, which causes a significant drop in the 
electronic couplings and in the resulting EET rates (see Table S8 for some estimates based 
on optimal sets of couplings and spectral parameters). In this view, the RC pocket of    
FRL-PSI might be tuned to enhance the oscillator strength of the CT state by subtle 
modifications of the pigment environment, increasing its effectiveness as energy acceptor 















In conclusion, we have shown that integration of the long-wavelength Chl f in FRL-PSI 
leads to a slower charge separation as a result of a less effective connectivity within the 
antenna and between the antenna and the RC pigments. However, FRL utilization by    
FRL-PSI remains formidably efficient when considering that the photon wavelengths able 
to power photochemistry are far beyond the well-known red limit of oxygenic 
photosynthesis. For this to occur, trapping of the low-energy antenna excitations by the RC 
needs to take place via a low-energy excited state in the RC itself, as an alternative to the 
unfavorable uphill energy transfer to P700. Since recent structural data have ruled out the 
presence of Chl f molecules in the RC, the most likely candidate for this state is a CT state 
of the strongly coupled RC Chl a pigments, as previously observed in WL-PSI of other 
strains. Finally, the similar PSI kinetics reported here for various strains advocates for a 
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Figure S1. Powerstudy for PSI of CT7203. TRF traces of WL-PSI (A) and FRL-PSI (B) of the strain CT7203 
measured with a Streak Camera setup with increasing excitation powers. The excitation wavelength was 400 nm 
and the repetition rate 250 kHz (Materials and Methods). The traces represent the fluorescence integrated in the 
range with λem = 630–800 nm. All other measurements presented in the main text (see, for instance, Figure 3) were 
performed with an excitation power of 200 μW (magenta) for WL-PSI and 150 μW (red) for FRL-PSI, as no 




Figure S2. Powerstudy for FRL-PSI of CT7203. 77 K TRF traces of FRL-PSI of CT7203 measured with a 
TCSPC setup at increasing excitation powers (in presence of the reducing agents, ascorbate + PMS). The 
excitation wavelength was 438 nm, the repetition rate 10 MHz, and the emission wavelength was set to 750 nm 
(Materials and Methods). A power of 5 μW was used for all measurements presented in the main text, since no 
power-dependency is observed under these conditions. 
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Table S1. Strains, growth conditions, and Chl f content per PSI monomeric complex. The values are 




Name of the strain Growth Conditions # of Chl f 
per PS I 
Short name 
Synechococcus sp. PCC 7335 
White Light (WL) 0 (0%) Syn7335WL 
Far-Red Light (FRL) 7.8 (8.8%) Syn7335FR 
Chlorogloeopsis fritschii     
PCC 9212 
White Light (WL) 0 (0%) CF9212WL 
Far-Red Light (FRL) 7.6 (8.5%) CF9212FR 
Fischerella thermalis          
PCC 7521 
White Light (WL) 0 (0%) FT7521WL 
Far-Red Light (FRL) 7.8 (8.8%) FT7521FR 
Chroococcidiopsis thermalis 
PCC 7203 
White Light (WL) 0 (0%) CT7203WL 





Figure S3. Absorption spectra. RT absorption spectra of isolated PSI complexes from cells of the different 
FaRLiP strains grown in WL (black) and FRL (red). In the legends the samples are denoted with their short names 
(strain and light condition, see Table S1). Spectra are normalized to the Qy absorption maxima which are located at 
677, 680, 678, and 679 nm for WL-PSI and at 679, 679, 679, and 679 nm for FRL-PSI of Syn7335, CF9212, 
FT7521, and CT7203, respectively. The increased absorption in the 550–650 nm region of the WL-PSI sample of 
CT7203 (D) can be ascribed to a small  amount of phycobiliproteins.212  
 
Supplemental Methods 1: Gaussian deconvolution of the absorption spectra 
To identify the various spectral bands in the absorption spectra of the FRL-PSI, their Qy 
region (λ = 660–850 nm) was fitted with five Gaussians. The independent fittings of each 
complex showed that the central wavelengths and the FWHM of these bands were very 
similar in all cases (data not shown). To better quantify the sizes of the Chl pools in the  
far-red region of the FRL-PSI complexes, a simultaneous deconvolution of the spectra of 
the four complexes was performed, with several constraints on the Gaussians parameters 
(Table 1). In agreement with the fitting of WL-PSI (for which each strain was fitted 
independently without constraints, Table S2), the first two bands for each FRL-PSI 
spectrum describe the absorption of the majority (bulk) of the Chls a. The central 
wavelengths of these bands were set equal for all spectra and were fitted as global 
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parameters to respectively 675 and 681 nm. Also similar to WL-PSI, Band #3 is 
approximately centered at 708 nm, suggesting that it originates mainly from red Chls a. 
Bands #4 and #5 account for the enhanced absorption in the far-red and represent two pools 
of Chls f. The maximum of Band #4 for FRL-PSI of Syn7335, CF9212, FT7521, and 
CT7203 are 727, 729, 729, and 739 nm, respectively. The central wavelengths of Band #5 
for FRL-PSI of CF9212, FT7521, and CT7203 were initially linked and fitted to 770 nm. 
Subsequently, these parameters were freed, resulting in similar positions (772, 771, and 772 
nm). Similarly, the FWHM of the FRL bands (#3, #4, and #5 in insets of Figures S4B, D, F, 
and H) of the FRL-PSI of CF9212, FT7521, and CT7203 strains were assumed to be equal 
and were fitted globally, resulting in values of 24, 38, and 43 nm for Bands #3, #4, and #5, 
respectively. For FRL-PSI of Syn7335 these bands were significantly narrower, having 
FWHM of 20, 33, and 34 nm for Bands #3, #4, and #5 respectively. Moreover, the central 
wavelength of band #5 is significantly blue-shifted (from 771 to 758 nm) compared to the 
other strains. 
 
Table S2. Parameters from the gaussian deconvolution of absorption spectra of WL-PSI complexes. Number 
of Chls a, areas, and central wavelengths of the Gaussian bands obtained from deconvolution of the RT absorption 
spectra of WL-PSI samples (Figures S4A, C, E, and G). The number of Chls a contributing to each band was 
calculated assuming a total of 95 Chls a for the WL-PSI26 of all strains. Areas are given as percentage of the Qy 




















































Figure S4. Gaussian deconvolution analysis of absorption spectra of all PSI complexes. Gaussian 
deconvolution of the RT absorption Qy region (λ = 660–850 nm) of all WL-PSI (A, C, E, and G) and FRL-PSI (B, 
D, F, and H) complexes. The different PSI complexes are indicated with their short names (strain and light 
condition, see Table S1) in the bottom of each panel. All spectra are normalized to the area of the Qy region. The 
constraints used in the fitting of FRL-PSI spectra (B, D, F, and H) are described in Supplemental Methods 1 and 
indicated in Table 1. The Chl pool sizes and central wavelengths of the deconvoluted bands are listed in Table S2 
and Table 1 for WL-PSI and FRL-PSI, respectively.  
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Figure S5. Circular dichroism spectra. CD spectra of isolated PSI complexes from cells of the different strains 
grown in WL (black) and FRL (red). The PSI complexes are denoted with their short names (strain and light 
condition, see Table S1) in the legends. Spectra were normalized to the Qy maximum absorption. 
 
Table S3. Peak wavelengths of fluorescence spectra. Peak wavelengths of the emission bands of WL-PSI and 
FRL-PSI complexes at 77 K and RT taken from the spectra in Figures S4 and 2, respectively. In FRL-PSI of 
Syn7335, the emission maximum of the f790 cannot be resolved at RT due to the smaller amplitude and its large 
overlap with the f750 band.  
 
Strain 77 K Em. Max 
WL-PSI (nm) 
77 K Em. Max 
FRL-PSI (nm) 
RT Em. Max 
WL-PSI (nm) 
RT Em. Max 
FRL-PSI (nm) 
Syn7335 724 740 799 683 738 - 
CF9212 724 743 812 687 742 791 
FT7521 725 747 811 679 746 789 






Figure S6. Fluorescence spectra at 77 K. Fluorescence emission spectra at 77 K of isolated PSI complexes from 
cells of the different strains grown in WL (black) and FRL (red), with excitation wavelength of 500 nm. The PSI 
complexes are denoted with their short names (strain and light condition, see Table S1) in the legends. The peak 
wavelengths of the main emission bands are listed in Table S3. The small amount of phycobiliproteins in the    
WL-PSI sample of CT7203 (D) is responsible for the additional emission band at 645 nm.212 In all FRL-PSI 
spectra, showing a main peak in the 738-753 nm region, a shoulder is observed at shorter wavelengths (around  
725 nm). This emission could originate from either the red-shifted phycobiliproteins expressed in FRL213,214 or 
from Chl a red forms typical of WL-PSI. Due to the fast decay of the 725 nm fluorescence at RT (Figure 3), the 
second assignment is more likely, as disconnected phycobiliproteins typically have fluorescence decay lifetimes of 
nanoseconds. This suggests that a small amount of WL-PSI is present in the FRL-PSI preparations. The positions 
of the emission bands of the WL-PSI and FRL-PSI of both strains Syn7335 and FT7521 agree with previously 
published spectra.28,137,139,142 The FRL-PSI spectrum of CT7203 in (D, red) and Figure 5 are from two different 














Figure S7. Global analysis  of  time-resolved fluorescence (TRF) data from streak experiments. Magnified 
DAS of the long-lived (ns) components from the global analysis of TRF data of WL-PSI (A) and FRL-PSI (B) 
presented in Figure 3. The PSI complexes are denoted with their short names (strain and light condition, see   
Table S1) in the legends. Spectra are normalized to the first EAS (time zero spectrum). These DAS can be 
assigned to minor amounts of unconnected Chls. The long-lived DAS in WL-PSI of CT7203 (green) also includes 
contributions from a small amount of unconnected phycobiliproteins, observed as the emission shoulder at 650 
nm. 
 
Table S4. PSI  lifetimes and quantum efficiencies. Lifetimes of the (entirely positive) DAS representing energy 
trapping from global analysis of TRF data (see Figure 3) and calculated quantum efficiencies ΦCS (see Materials 
and Methods for details) for all investigated WL-PSI and FRL-PSI complexes. 
 
Sample WL-PSI FRL-PSI 
 𝛕𝛕𝛕𝛕3 (ps) ΦCS (%) 𝛕𝛕𝛕𝛕4 (ps) ΦCS (%) 
Syn7335 30.2 99.2 115 97.1 
CF9212 35.4 99.1 114 97.2 
FT7521 36.6 99.1 124 96.9 






Figure S8. Target analysis of time-resolved fluorescence (TRF) data. Target Analysis of TRF data of FRL-PSI 
from FT7521 based on f750-to-f790 EET and main trapping components from global analysis (blue and green 
DAS in Figure 3F). A) Kinetic compartmental model used for the fitting. The lightning bolts indicate the relative 
amount of initial excitation in each compartment (expressed as a percentage), whereas the arrows indicate energy 
transfer steps or excited-state decays, whose rates are given in ns–1. For a successful fit, trapping from both 
compartments was necessary. B) Reconstructed DAS from target analysis (dashed, blue and red) and the DAS 
from the global analysis (solid, dark blue and green) of the experimental data. C) Fitted SAS and D) respective 
kinetic profiles of f750 (blue) and f790 (red). The kinetic model was not able to completely separate the spectra of 
the two Chl f pools, possibly due to the presence of more than two kinetically distinct Chl f pools in the FRL-PSI 
of this strain. In addition, trapping from the f750 pool in FRL-PSI of FT7521 is somehow faster than in FRL-PSI 
of CT7203 (Figure 4), which might indicate an increased connectivity to the RC. 
Supplemental Methods 2: Global Analysis of data TCSPC experiments at 77 K 
Figure S9 displays the DAS from global analysis of the 77 K fluorescence decay traces 
recorded at different emission wavelengths for FRL-PSI with oxidized (A) and reduced (B) 
P700. The 33-ps component (black) in Figure S9A and the 50-ps component (black) of the 
partly reduced FRL-PSI (Figure S9B) similarly describe downhill EET processes. The main 
decay components (blue) of the f750 states have lifetimes of 289 and 335 ps under oxidized 
and reduced conditions, respectively. The 165 ps component in Figure S9A (red) accounts 
for the decay of the entire f790 fluorescence and of part of the f750 fluorescence and can be 
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assigned to quenching via EET to P700+, as it is missing when the reducing agents are 
present (Figure S9B). Indeed, when P700 is reduced, the decay of the f790 states occurs on a 
significantly longer lifetime of 1.12 ns (magenta, Figure S9B). The 1.12 ns component also 
has a small amplitude at 750 nm, which can be possibly assigned to a Chl f pigment that is 
less well connected to the RC.29 The 4.16 and 4.90 ns components (green) are small 
contributions from free/disconnected Chls. The small 477 ps component (orange, Figure 
S9A) represents a minor decay process of the f750. 
 
 
Figure S9. Global analysis of time-resolved fluorescence data (TRF) at 77 K. DAS obtained from global 
analysis of TRF data (from TCSPC) of FRL-PSI of CT7203 at 77 K in the absence (A) and presence (B) of 
reducing agents (ascorbate and PMS). The DAS are scaled to reproduce the steady-state emission spectra at each 
wavelength (Figure 5A). 
 
Table S5. Distances and couplings in FRL-PSI of FT7521 (coordinates from Gisriel et al.28, PDB code: 
6PNJ) between antenna pigments and the four RC pigments (2 x P700 Chls + 2 x A–1 Chls). Average distances 
indicate the center-to-center distance between the antenna and each RC pigment averaged over the four RC 
pigments. Minimum distances designate the shortest center-to-center distance between the antenna Chl and any of 
the four RC pigments. Electronic couplings between Chl pairs are calculated under the dipole approximation, 
using an effective dipole strength of 14 D2 for the Chls. The total couplings presented here are calculated as the 
square root of the sum of the squared couplings between the antenna and the four RC pigments, one by one. The 
square of this total coupling is proportional to the EET rate between the antenna Chl and the four RC Chls. Chls 
highlighted in red are the Chls f identified in FRL-PSI of FT7521 by Gisriel et al.28, whereas Chls in blue are the 
corresponding Chl f sites in the FRL-PSI from Halomicronema hongdechloris by Kato et al.29. The only Chl f 
(B37) identified by both structures is shown in magenta. Note that Chls B37 and B30 are mostly coupled to one of 
the A–1 Chls, but also have substantial couplings to P700 (not shown). Since Chl B37 (identified as Chl f by both 
structures) and B30 (identified by Gisriel at al.28) are among the most strongly coupled Chls to the RC, the Chl 
pairs B37/B38 and B29/B30 represent good candidates for the f790 pigments observed in fluorescence 
measurements. Gisriel et al.28 also identified another pair of Chls f in the structure of FRL-PSI from FT7521, Chls 
A20/A21. The coupling between A20/A21 and the RC, however, is about 10 times lower than that between B30 or 
B37 and the RC. Since the energy transfer rates are proportional to the square of the couplings, the difference in 
rate will be by a factor 100. Therefore, Chls A20/A21 are less good candidates for f790 (but they likely contribute 
to f750). Both Chl B37/B38 and B30/B29 form strongly coupled dimers (inter-dimer couplings are given in Table 
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S6 below, also for the A20/A21 pair, for completeness). Note that, based on the current data, we cannot conclude 
about the exact identity and nature of the Chl excited states responsible for f790. Since the red-most absorption 
band integrates for two Chls, one hypothesis is that f790 is contributed by a Chl f – Chl f homodimer, possibly 
located on either B37/B38 or B29/B30. Another possibility is that f790 is contributed by two spectrally similar Chl 
f – Chl a heterodimers.29 In the latter case, the two B37/B38 or B29/B30 dimers (where only one Chl was so far 
identified as Chl f) could both account for this sort of heterodimer. In Supplemental Methods 3, additional 
structural details are provided that suggest that B38 is Chl f; this means f790 is probably the B37-B38 Chl f 




















A01 33.91 28.94 2.4783 B01 36.36 33.76 2.2011 
A02 36.67 34.25 2.0778 B02 37.39 33.97 1.9356 
A03 36.96 33.46 1.9962 B03 31.39 29.43 3.0968 
A04 31.17 29.16 3.0404 B04 37.08 33.53 2.2763 
A05 36.39 32.87 2.4653 B05 28.08 23.85 6.5776 
A06 26.98 22.71 7.4756 B06 26.19 22.23 8.6411 
A07 27.86 24.11 7.6005 B07 31.06 25.04 5.6948 
A08 52.70 50.14 0.9564 B08 53.05 50.54 0.9282 
A09 46.20 43.80 0.9569 B09 56.61 52.48 0.3830 
A10 56.33 52.19 0.3951 B10 47.74 43.95 0.5380 
A11 47.35 43.55 0.5526 B11 49.35 45.87 1.0362 
A12 49.67 46.10 0.9615 B12 57.62 54.41 0.3924 
A13 57.97 54.57 0.4011 B13 54.60 49.36 0.7033 
A14 55.62 51.88 0.8029 B14 43.63 38.28 2.2073 
A15 54.54 49.64 0.6608 B15 40.83 36.92 1.6110 
A16 43.46 38.48 2.2116 B16 46.79 40.00 1.1121 
A17 40.90 37.33 1.5445 B17 59.07 53.98 0.3666 
A18 58.99 53.98 0.3803 B18 57.71 50.49 0.8856 
A19 46.08 39.44 1.1951 B19 53.60 45.28 0.7491 
A20 56.83 49.73 0.9120 B20 44.29 35.94 1.6357 
A21 51.52 43.29 1.2112 B21 43.11 36.80 2.0133 
A22 43.73 35.27 1.5006 B22 27.51 19.55 5.9645 
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A23 42.21 35.92 2.1239 B23 35.03 28.47 4.9321 
A24 27.65 19.74 6.4041 B24 23.67 20.08 14.8423 
A25 35.18 28.90 4.6666 B25 31.20 28.12 2.8602 
A26 23.50 19.78 15.6288 B26 30.32 26.46 2.6142 
A27 31.13 27.95 2.9486 B27 40.69 31.06 3.8522 
A28 30.04 26.10 2.7595 B28 38.85 28.55 3.6400 
A29 40.21 30.57 3.9384 B29 31.16 21.46 1.1264 
A30 38.98 28.73 3.7921 B30 27.74 20.52 10.8576 
A31 31.64 22.13 1.2571 B31 40.84 33.46 3.1786 
A32 27.59 20.14 11.1788 B32 48.88 41.47 1.8999 
A33 41.08 33.95 3.0516 B33 56.61 49.00 1.2398 
A35 28.22 21.49 7.6784 B34 27.61 20.59 7.0084 
A36 30.97 21.77 8.3289 B35 30.48 20.94 8.7869 
A37 31.43 21.69 1.5765 B36 31.17 21.32 2.9493 
A38 33.04 23.47 7.7371 B37 33.59 24.08 8.3685 
A39 33.51 25.35 2.1009 B38 33.49 25.17 2.7421 
A40 21.13 15.53 4.6795 B39 20.20 13.92 10.0889 
K01 67.80 62.92 0.5738 L03 42.96 34.00 2.9004 
L01 54.32 44.57 1.6806 X01 39.84 30.04 3.3144 
L02 42.29 32.55 2.9428     
 
Table S6. Coupling strengths of Chl pairs candidates to harbour the lowest-energy Chl f pigments. The 
coupling strengths of the notable Chl pairs in FRL-PSI of FT7521 (coordinates from Gisriel et al.28, PDB code: 
6PNJ)  are calculated as in Table S5. 







Figure S10. Possible locations of the lowest-energy Chl f pigments. Chl binding sites in a monomer of FRL-PSI 
from FT7521 (PDB code: 6PNJ28). The RC pigments are highlighted in blue, the B29/B30, B37/B38, and 
A20/A21 Chl pairs are shown in red, while all other Chls are in transparent green.  
Supplemental Methods 3: Structural evidence for Chl B37 and B38 as a Chl f dimer 
Chl B37 is assigned as Chl f in the FRL-PSI structures from both Gisriel et al.28 and Kato et 
al.29 In the former study, the authors point out that while their 3.2 Å resolution electrostatic 
potential (ESP) map is not sufficient for directly observing the formyl substituent of Chl f, 
the FRL-specific structure allows two backbone amides of nearby PsaB residues to possibly 
donate hydrogen-bonds to the formyl group of B37 if it is Chl f. This Chl f assignment was 
confirmed in the 2.4 Å resolution ESP map published by Kato et al.29 where increased 
density can be observed due to the presence of the C2 formyl substituent of B37. Thus, Chl 
B37 exhibits very strong evidence for being Chl f. 
Chl B37 is found in a dimer with Chl B38 that exhibits strong excitonic coupling 
(Table S6). Various spectroscopic studies have assigned the red-most absorption band 
observed in FRL-PSI from different species138,196 to a Chl f dimer. Based on this proposal, 
and on the proximity of the most red-shifted pigments to the RC established by the current 
work, Chl B37/B38 may account for such a Chl f dimer, as suggested by Nürnberg et al.138. 
Neither of the two published structures28,29 assigned Chl B38 as Chl f, but upon closer       
re-examination of the high-resolution ESP map from Kato et al.29, we find that the C2 
position on the tetrapyrrole ring fits a formyl substituent well (Figure S11). Furthermore, at 
low contour level the density for a possible water molecule can be observed (Figure S11). 
While the local resolution of the map is probably borderline to make these assignments 
with confidence, we observe that the backbone carbonyl of the Threonine (Thr) residue 
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PsaB-Thr18 is within hydrogen-bonding distance of the water molecule that we propose 
donates a hydrogen-bond to the C2 position of B38 if it is Chl f.215 
Thr18 is conserved in the PsaB sequences of FRL-PSI and WL-PSI from F. 
thermalis, H. hongdechloris, and with PsaB from T. elongatus. At first glance, this would 
seemingly weaken the argument that in FRL PsaB-Thr18 uniquely participates in  
hydrogen-binding with a Chl f molecule. However, the nearby Tryptophan (Trp) residue 
PsaB-Trp22 that is conserved in WL-PSI, as well as in PsaA, is Phenylalanine (Phe) in the 
PsaB2 subunit of FRL-PSI (Figure S12). The smaller Phe sidechain appears to allow space 
for the proposed water molecule, conferring the specificity for binding Chl f. Thus, from a 
structural perspective, and from a spectroscopic perspective (see above), the Chl B37/B38 
pair seems likely to be a Chl f dimer. 
 
 
Figure S11. Chl B38 exhibits ESP density for a formyl substituent at the C2 position of the tetrapyrrole ring 
and a nearby hydrogen-bonded water molecule. The ESP map (at four contour levels) and model of FRL-PSI 
from Kato et al.29 (PDB code: 6KMX) is shown where the polypeptide is coloured cyan and the Chl a is coloured 
green. We modelled a Chl f molecule (pink) into the ESP density to compare its fit with Chl a. Extra (pink) density 
is observed near the modelled Chl a C2 methyl substituent, which accommodates well a formyl and suggests that 
Chl B38 is Chl f. At 1.5 and 2.0σ, a small density peak can be observed between the possible formyl density and 
the carbonyl oxygen of PsaB-Thr18, which may be explained by a water molecule donating hydrogen-bonds to the 
two electronegative carbonyl oxygen atoms. The resolution of the ESP map is borderline for very confidently 
assigning this water molecule, and thus the distance measurements are likely to be imprecise, but the distances 








Figure S12. Structural consequences of the insertion of Chl f in in binding site B38. If Chl B38 is Chl f, the 
FRL-specific Phe22 may decrease steric constraints to facilitate hydrogen-bonding of the C2 formyl substituent of 
Chl B38 to the proposed water molecule. On the left is shown the proposed B38 Chl f and the water molecule it 
coordinates, with colours identical to Figure S11. We additionally show the structure of PSI from T. elongatus in 
white. On the right we show the applicable region of the sequence alignment for PsaB2 (FRL-PSI) and PsaB1 
(WL-PSI) from H. hongdechloris and F. thermalis, and PsaB from T. elongatus. PsaB-Thr18, which we suggest 
participates in hydrogen-bonding with the proposed water molecule and formyl substituent if B38 is Chl f, is 
shown in bold black font and is conserved in all the sequences. The nearby FRL-specific Phe22 (pink in the 
alignment) may decrease the steric hindrance that is exhibited in WL by Trp22 (green in the alignment), allowing 
room for the proposed water to bind. This Phe to Trp change exclusively occurs in PsaB2 of FRL-PSI, as the Trp 
residue if found in both PsaA and PsaB subunits of other PSI complexes.  
Supplemental Methods 4: Boltzmann distributions of different pigment pools in FRL-
PSI of CT7203 at RT. 
When considering the RC of FRL-PSI to be the same as that of WL-PSI for CT7203 (i.e., 
with P700 being the lowest energy RC-pigment), EET from the antenna to the RC should 
include very large uphill steps from f750 and f790 (the emission wavelengths of these two 
pools are set to 753 nm and 792 nm, respectively, based on the maxima of the SAS from 
target analysis, see Figure 4). Table S7 lists the detailed balance ratios (i.e., equilibrium 
constants) of EET steps between Chl pools with different energetics in FRL-PSI of CT7203 
at RT. Trapping from the red Chls a in WL-PSI at RT occurs mainly via bulk Chls a, as the 
uphill energy transfer is entropically favorable due to the larger size of the bulk Chl a pool 
(Nbulk/Nred is generally in the order of 10–30 in most known PSI complexes). As the Chl f 
pigments are located much lower in energy than the red Chls a, uphill energy transfer from 
the Chls f to bulk Chl a will be very unfavorable even at RT, that is, most of the excitations 
are nearly irreversibly trapped by the Chls f (especially in the case of f790). Other possible 
energy transfer pathways from the Chl f pools, including direct EET to (reduced) P700, are 
even more unfavorable. Although the broader band of Chl f compared to Chl a (Figure 1,  
Li et al.203) might result in a better overlap with the absorption bands of higher-energy 
pigments that are reasonably close in energy, thus leading to a faster EET rate than 
predicted in Table S7, this increase is clearly not sufficient to compensate for the extremely 
large energy gap between the Chl f states (especially f790; see absorption band in Figure 
1C) and Chl a. 
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The Boltzmann distribution can also be used to determine the probability of an 
excitation to be in the RC at equilibrium. In the case of a trap-limited PSI kinetics, the 
effective trapping lifetime (τTRAP,eff, i.e., that experimentally measured) is given by the 
intrinsic lifetime of charge separation by the RC (τICS) divided by the probability of the 
excitation to be on one of the RC pigments (PRC), and τICS can be calculated as follows51: 
 
𝜏𝜏𝜏𝜏𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝜏𝜏𝜏𝜏𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃,𝑒𝑒𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. ∗ 𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼    (S1) 
𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐼𝐼𝐼𝐼 =
∑ exp (− ℎ𝑐𝑐𝑐𝑐𝜆𝜆𝜆𝜆𝑗𝑗𝑗𝑗𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
)𝑗𝑗𝑗𝑗∈𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
∑ exp (− ℎ𝑐𝑐𝑐𝑐𝜆𝜆𝜆𝜆𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑏𝑏𝑏𝑏𝑇𝑇𝑇𝑇
)𝑘𝑘𝑘𝑘∈𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
       (S2) 
 
where the two summations run on the RC pigments only (numerator) and on all PSI 
pigments (denominator), λj is the excitation wavelength of the j-th pigment, h is the Plank 
constant, c the velocity of light in vacuum, kb the Boltzmann constant, and T the 
temperature. For the τICS calculations presented in the manuscript, it is assumed that the 
canonical PSI RC contains two pigments emitting at 700 nm (P700) and four at the same 
wavelength as bulk Chl a (688 nm). In the case where there is a low-energy excited state 
(CT state) present, one 688 nm state in the RC is replaced by a 750 nm excited state for the 
calculation of τICS, whereas P700 remains unchanged. See caption of Table S7 for more 
detailed information on the number/energetics of all PSI pigments used in the calculation. 
 
Table S7. Detailed balance calculations for Chl pools within FRL-PSI of CT7203. Detailed balance ratios 
𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷/𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑁𝑁𝑁𝑁𝐼𝐼𝐼𝐼ℎ𝑙𝑙𝑙𝑙,𝑅𝑅𝑅𝑅𝐷𝐷𝐷𝐷𝑛𝑛𝑛𝑛𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷/𝑁𝑁𝑁𝑁𝐼𝐼𝐼𝐼ℎ𝑙𝑙𝑙𝑙,𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ∗ exp (−
ℎ𝑐𝑐𝑐𝑐
𝐾𝐾𝐾𝐾𝑏𝑏𝑏𝑏T
(1/λDonor  − 1/λAcc.)) at equilibrium between different Chl 
pools within FRL-PSI of CT7203 at RT (298 K) when assuming that there is a canonical PSI RC. The detailed 
balance was calculated for all possible uphill EET pathways, with the lower-energy Chl pool as donor and a 
higher-energy pool as acceptor, respectively, and taking into account the various Chl pool sizes (NChl, estimated 
from the deconvolution of the absorption spectra, see Table 1). The emission wavelengths λi of the Chl f pools 
were set to the maxima of the related f750 and f790 SAS (Figure 4C). For the other emission wavelengths (bulk 
Chl a and red Chl a), the emission maxima from the 77 K emission spectra were used (Table S3).  
 Detailed balance ratios PDonor/PAcceptor 
Acceptor 
(λem, pool size) 
Donor: Red Chl 
a (722 nm, 6) 
Donor: f750 
(753 nm, 6) 
Donor: f790 
(792 nm, 2) 
Bulk Chl a (688 nm, 73) 2.2 35 271 
P700 (700 nm, 2) 25 385 3012 
Red Chl a (722 nm, 6) - 16 123 





Table S8. Estimation of energy hopping times between antenna Chls f and a hypothetical low-energy      
Chl-Chl CT state in the RC at RT. The table presents four sets of parameters that are realistic with respect to 
structural data from FRL-PSI of FT752128 and the spectral properties of the excited states involved. The starting 
parameter is the optimal coupling between a Chl a in the antenna and the RC. Using structural data and a squared 
dipole strength of 14 D2 for Chl a, the largest couplings between antenna and RC pigments are in the order of 10 
cm−1 (Table S5). This value is multiplied by 0.375 (1.5x0.25) to correct for the dipole strengths of a Chl f  in the 
antenna (1.5 times that of Chl a203) and that of the CT state (assumed here as 0.25 times that of Chl a). The rate is 
then obtained via the Förster equation assuming that the Chl f donor peaks at 790 nm for f790 (or 750 nm for f750) 
with a bandwidth of 300 cm−1 and the CT state in the RC has a band-width of 400 cm−1 and variable peak 
wavelength. The bandwidths of the donors f790 and f750 are based on the comparable widths of the convoluted 
absorption band (Figure S4) and the fluorescence SAS of the respective component (f750 or f790) from the target 
analysis (Figure 4C), which are similar for f750 and f790. The obtained EET lifetimes in the first two rows are 
compatible with the experimental trapping lifetime (120 ps) at RT, and the remaining ones are not very far from it, 
implying that the proposed mechanism can be realistic under optimal conditions. From these values, it is also 
evident that the hopping times are more sensitive to the couplings (lifetime ∝ coupling-2) than to the              
donor-acceptor energy difference, due to the spectral broadening. The flat profile of the CT acceptor band and the 
similar bandwidths of f750 and f790 would explain why relatively similar rates are found at RT for energy 
trapping from both f750 and f790 based on the results from target analysis. 
 
Chl a – Chl a 
coupling (cm−1) 
Chl f – CT     
coupling (cm−1) 
Chl f peak 
λ (nm) 
RC CT 
peak λ (nm) 
Hopping 
time (ps) 
10 3.75 790 790 75 
10 3.75 790 770 93 
10 3.75 790 750 187 
5 1.88 790 790 301 






Harvesting far-red light: functional integration of chlorophyll f 





The heterologous expression of the far-red absorbing chlorophyll (Chl) f in organisms that 
do not synthesize this pigment has been suggested as a viable solution to expand the solar 
spectrum that drives oxygenic photosynthesis. In this study, we investigate the functional 
binding of Chl f to the Photosystem I (PSI) of the cyanobacterium Synechococcus sp. PCC 
7002, which has been engineered to express the Chl f synthase gene. By optimizing growth 
light conditions, one-to-four Chl f pigments were found in the complexes. By using a range 
of spectroscopic techniques, isolated PSI trimeric complexes were investigated to determine 
how the insertion of Chl f affects excitation energy transfer and trapping efficiency. The 
results show that the Chls f are functionally connected to the reaction center of the PSI 
complex and their presence does not change the overall pigment organization of the 
complex. Chl f substitutes Chl a (but not the Chl a red forms) while maintaining efficient 
energy transfer within the PSI complex. At the same time, the introduction of Chl f extends 
the photosynthetically active radiation of the new hybrid PSI complexes up to 750 nm, 
which is advantageous in far-red light enriched environments. These conclusions provide 
insights to engineer the photosynthetic machinery of crops to include Chl f and therefore 
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Photosystem I (PSI) is a light-driven plastocyanin/cytochrome c6: ferredoxin/flavodoxin 
oxidoreductase composed of eleven or twelve polypeptides.216,217 The PSI core complex 
binds 95 chlorophyll (Chl) a molecules, 22 β-carotenes, two phylloquinones (or 
menaquinone-4), and three [4Fe-4S] clusters.25,26,28,218,219 The Chls are exclusively Chl a in 
algal, plant and most cyanobacterial PSI core complexes20,219; 89 Chl a molecules form the 
core antenna, while the additional six participate in the electron transport chain. PSI is 
remarkably efficient in converting light energy into stored chemical potential energy, with 
an overall quantum efficiency close to 100%.24,82,139,192 PSI possesses photochemically 
active pigments absorbing at 700 nm. This wavelength has for a long time represented the 
“red limit” of oxygenic photosynthesis, meaning the minimal energy required to support 
photochemical oxidation of water.34,82,220,221 However, it was found that the cyanobacterium 
Acaryochloris extends this limit by using Chl d,117 a pigment absorbing at 30 nm longer 
wavelengths than Chl a.222,223 More recently, Chl f, the longest-wavelength chlorophyll 
known (max Qy = 706 nm in organic solvents),129,224 and the enzyme responsible for its 
synthesis from Chl a or Chlide a (Chl f synthase135) were discovered. Chl f  is produced by 
some terrestrial cyanobacteria when they grow in environments enriched in far-red light 
(FRL) (λ = 700–800 nm132) such as soils, rocks, caves, microbial mats, and under the shade 
of plants. These organisms are able to perform Far-Red Light Photoacclimation 
(FaRLiP),130,132,141 which involves the synthesis of Chl d and f, in addition to the common 
Chl a, and substitution of pigment-binding subunits with products of gene variants from a 
20-gene cluster.130,132 These combined changes lead to extensive remodeling of the 
photosynthetic apparatus and allow FaRLiP organisms to perform oxygenic photosynthesis 
using FRL. In fact, PSI and PSII gain absorbance up to 800 nm due to the presence of Chls 
d and f associated with paralogous PSI and PSII subunits.28,138,141 Recent studies have 
shown that Chl f is associated with both FRL-PSI (8%) and FRL-PSII (11.4–12.7%), while 
Chl d is exclusively associated with FRL-PSII (2.9–4.0%).137,138 
The discovery of Chl d and Chl f in cyanobacteria,117,118,129,225 and in particular of a 
Chl f synthase enzyme,135 has opened the way to the production of these pigments in algae 
or higher plants, with the potential to enhance photosynthetic efficiency and crop 
productivity. It was estimated that by expressing Chl f, the photosynthetically active 
radiation (PAR) could be expanded into the  FRL region,135,139 increasing the number of 
available photons by 19% when extended to 750 nm.71,72 The suggested approach, 
following a smart canopy concept,70 could increase the light-harvesting capacity in the 
lower leaves of the canopy or at the bottom of a pond/bioreactor, that mainly receive light 
enriched in far-red wavelengths.70,72,87,226 The expansion of the photosynthetically active 
radiation could also provide an advantage in non-saturating light conditions. Recent 
evidence demonstrated that the efficiency of photosynthetic energy storage in a 
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cyanobacterium producing red-shifted Chls is comparable or higher than that in               
Chl a-containing species.128 However, whether photosynthesis would be efficient in 
genetically engineered organisms expressing Chl d or f, in combination with their wild-type 
(WT) photosynthetic proteins is still an open question. Recently, the Chl f synthase was 
successfully expressed in the non-FaRLiP cyanobacterium Synechococcus sp. PCC 7002 
(hereafter Synechococcus 7002).135,142 Depending on the growth light conditions, the PSI of 
strains expressing the chlF gene accommodate a different number of Chl f pigments 
depending upon strain background and growth conditions.142 In this work, by means of 
time-resolved fluorescence spectroscopy, we quantitatively investigated how the inserted 
Chls f are functionally connected to the bulk Chl within PSI and how their presence 
influences the quantum efficiency of PSI. 
 
Materials and Methods 
 
Strains and growth conditions  
Synechococcus sp. PCC 7002 (hereafter Synechococcus 7002) WT and the engineered 
strain WT::ChlF with heterologous expression of the chlF gene of Fischerella thermalis 
PCC 7521 (hereafter FT7521142) were grown in liquid A+ medium under standard 
conditions as previously described: 250 µmol photons m–2 s–1 cool-white fluorescent light 
(WL), 38°C, and sparging with 1% (v/v) CO2 in air.227 The ΔPSII::ChlF mutant, obtained 
by deleting the psbD1 and psbD2 genes but expressing the chlF gene from FT7521,142 was 
grown under different light qualities: low-intensity white light (LL: ~10 µmol photons     
m–2 s–1), green light (GL: 11 μmol photons m–2 s–1) and FRL (25–30 μmol photos m–2 s–1) 
and the medium was supplemented with 20 mM glycerol.228 Differences in light qualities 
were obtained with neutral density filters as described previously.132,141 
 
Purification of trimeric Photosystem I complexes 
PSI complexes were purified from WT, WT::ChlF, ΔPSII::ChlF cells grown at different 
light conditions by sucrose gradient centrifugation of membrane solubilized proteins, 
following procedures described previously.142,229,230 Purified PSI complexes were 
resuspended in MES buffer (pH 6.5) containing 10 mM CaCl2, 10 mM MgCl2, 0.05% (w/v) 
β-D-dodecyl maltoside (β-DM) and 5% (w/v) glycerol.  
 
Pigment extraction and analysis 
Cyanobacterial cells were harvested by centrifugation and washed once in 50 mM HEPES 
pH 7.2 prior to pigment extraction and analysis. Pigments were extracted from purified PSI 
complexes and analysed by procedures described in Shen et al.142. The high-performance 
liquid chromatography (HPLC) data were processed using Agilent ChemStation software 
(revision B.02.01-SR1 6100 series). The number of Chl f molecules per PSI complex was 
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calculated from the % composition of Chl a and f in the complexes as determined by 
reversed-phase HPLC analysis and by assuming that a PSI monomer contains 95 total Chl 
molecules.26,28 
 
Absorption, Circular Dichroism and steady-state fluorescence measurements 
Room temperature (RT) absorption spectra of isolated PSI complexes were recorded with a 
Cary 4000 spectrophotometer (Agilent Technologies, Santa Clara, CA United States). The 
Circular Dichroism (CD) spectra were measured using a Chirascan CD Spectrophotometer 
(Applied Photophysics, Leatherhead, United Kingdom) with samples at optical density 
(OD) 0.5 cm−1 at the maximum of the Qy absorption band. The buffer conditions of the 
samples were kept the same as the stock solutions of the purified PSI complexes (i.e., in 
50mM MES buffer (pH 6.5) containing 10 mM CaCl2, 10 mM MgCl2, 0.05% (w/v) β-DM 
and 5% (w/v) glycerol). The fluorescence emission spectra were recorded at 77 K and RT 
using a Fluorolog 3.22 spectrofluorimeter (Jobin Yvon-Spex, Longjumeau, France). The 
excitation wavelength was 500 nm and emission was detected in the 600–850 nm range. 
Excitation and emission bandwidths were set to 3 nm. All fluorescence spectra were 
measured at OD 0.05 cm−1 at the maximum of the Qy absorption band. For 77 K 
measurements a liquid nitrogen cooled device was used (Nitrogen Cold finger). 
 
Time-resolved fluorescence measurement 
Time-resolved fluorescence decays of isolated PSI complexes were recorded with a 
Hamamatsu C5680 synchroscan streak camera, combined with a Chromex 250IS 
spectrograph. A grating of 50 grooves per mm and blazed wavelength of 600 nm was used. 
The central wavelength was set at 720 nm, giving a detection range from 590 nm to 860 nm 
and a time range from 0 to 350 ps (TR2 temporal response of 5–6 ps) was chosen. The 400 
nm excitation light was vertically polarized, the spot size diameter was typically ∼100 μm, 
and the laser repetition rate was 250 kHz.231 The fluorescence was collected at 90° with 
respect to the excitation direction through a 630 nm long-pass filter. The laser power was 
set to 200 μW, after a careful power-dependent study confirmed the absence of annihilation 
in these conditions (see power-dependent studies in Figure S2). Approximately 500 μL 
sample with an OD of 0.5 at the maximum of the Qy absorption band was measured at RT. 
The sample was magnetically stirred in a cuvette with speed of 750 rpm and to avoid 
reabsorption the excitation laser was focused in the sample close to the cuvette walls. The 
averaged image was corrected for background and shading, and then sliced into traces of 
∼2 nm width.  
 
Global and Target data analysis  
Data obtained with the streak-camera setup were first globally analysed with the R package 
TIMP-based Glotaran.202 The methodology of global analysis is described previously.160,232 
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The datasets were analysed with a sequential model, the evolution associated spectra (EAS) 
from the resulting analysis were used to calculate the decay associated spectra (DAS). The 
instrument response function (IRF) was fitted with a single Gaussian with a full width at 
half maximum (FWHM) of 5–6 ps. The amplitudes of the resulting DAS are normalized to 
the first EAS, which is the t0 spectrum. Disregarding the longest lifetime which is attributed 
to free pigments, the average decay lifetimes τavg could be calculated from the sum of all 
lifetimes weighed by the relative amplitudes of each of the DASs: τavg = Σ(τn*An)/ Σ(An). In 
which An is the amplitude calculated as the area under the DAS of component n and 𝜏𝜏𝜏𝜏𝑛𝑛𝑛𝑛 its 
respective decay lifetime. This average lifetime, representing the time in which charge 
separation (CS) occurs, can be used to calculate the efficiency of the PSI complex. This 
quantum efficiency of CS, ΦCS, is calculated with ΦCS = 1–(τavg/ τnoCS) where τnoCS is the 
decay time of the excitation when no CS occurs.  For τnoCS the natural fluorescence decay 
rate of free Chl a (0.25 ns–1) is used. 
In a target analysis the datasets of all five samples were simultaneously fitted with 
the same kinetic model (Figure 3A). In this model the PSI core complexes were described 
with three compartments for respectively the bulk Chl a, red Chl a and the newly 
introduced Chl f pigments. Additionally, two compartments had to be added to account for 
the small but variable amounts of free Chl a and free Chl f with ns-lifetime emission. For 
the PSI0-Chlf sample, which did not contain Chl f, the bound and free Chl f compartments 
were removed in the analysis. As 400 nm excitation light was used all compartments are 




Integration of Chl f into the native PSI protein of Synechococcus 7002 
Like the majority of cyanobacteria, also Synechococcus 7002 synthesizes only Chl a, which 
is incorporated into PSI and PSII. The Chl f synthase gene (chlF) from Fischerella 
thermalis PCC 7521 was heterologously expressed in Synechococcus 7002 WT and ΔPSII 
strains, as previously described.135,142 The resulting strains, designated WT::ChlF and 
ΔPSII::ChlF, respectively, were grown at different light intensities and using different light 
colours (white, green, far-red).142 From these strains, the PSI trimeric complexes were 
isolated by sucrose density gradients and subsequently analysed with different techniques. 
The properties of these complexes were compared with those of PSI trimers purified from 
the WT Synechococcus 7002 strain.  
HPLC analysis of PSI pigment extracts showed that Chl f was bound to the PSI 
complexes (Table 1). However, the content of Chl f per PSI varied according to the 
different growth light conditions, from a minimum of ~1 Chl f per PSI (WT::ChlF in WL) 
to a maximum of ~4 Chl f per PSI (ΔPSII::ChlF in FRL).139,142 
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Absorption spectra of isolated PSI complexes containing Chl f revealed a long-wavelength 
shoulder when compared to WT PSI (PSI-0Chlf, Figure 1A). The shoulder increased in 
intensity as the content of Chl f per PSI increased (Figure 1A inset). Similarly, at RT the 
fluorescence emission at 720 nm (Figure 1B) increased with the number of Chl f per 
complex, and at 77 K the emission band gradually shifted from 714 nm for PSI-0Chlf to 
719 nm for PSI-4Chlf (Figure S1). The CD spectra of these complexes were not 
significantly different from those of the WT (Figure 1C), which suggested that no major 





Figure 1. Spectroscopic properties at RT of isolated PSI complexes. Absorption spectra (A), fluorescence 
emission (λexc = 500 nm) (B) and CD spectra (C). The absorption and fluorescence spectra are normalized to the 
maximum and the CD spectra are normalized to the absorption.   
 
Excitation energy transfer and trapping in PSI-Chl f-containing complexes 
Time-resolved fluorescence measurements with excitation at 400 nm were performed on 
the PSI complexes with a streak camera setup, and the data were globally analysed.  The 
kinetics of all the PSI complexes isolated from different strains/growth conditions could be 
well-fitted with four components. In Figure 2 and Table 2 respectively, the DAS and 
corresponding lifetimes of the PSI samples are displayed.  
Name of the strain Growth Conditions # of Chl f per PS I Short name 
WT White Light (WL) 0 (0%) PSI-0Chlf 
WT::ChlF White Light (WL) 1.1 (1.1%) PSI-1Chlf 
ΔPSII::ChlF 
Low Light (LL) 1.6 (1.7%) PSI-1.5Chlf 
Green Light (GL) 2.6 (2.7%) PSI-2.5Chlf 
Far-Red Light (FRL) 3.8 (4.0%) PSI-4Chlf 
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The first component (Figure 2A) with a lifetime of 4-6 ps represents excitation 
energy transfer (EET) from bulk Chls a to red Chls a and Chls f (when present). The      
red-shifted bleach in the spectra of PSI-2.5Chlf and PSI-4Chlf compared to the other 
samples can be assigned to Chl f, the content of which is higher in these complexes. The 
second component (16-19 ps) is dominated by the decay; it accounts for most of the 
trapping and has a similar lifetime in the five complexes. A small but significant 
broadening of DAS2 is observed in the samples with higher Chl f content (Figure 2B), 
especially in the spectra of the PSI-2.5Chlf and PSI-4Chlf samples. Similar to DAS2, 
DAS3 (Figure 2C) of WT PSI (PSI-0Chlf) has a maximum at 690 nm. However, a broad 
shoulder is present in the far-red region, which can be assigned to red-shifted Chls a.24,193 
The insertion of Chl f in PSI results in a significant change of DAS3: PSI-1Chlf and       
PSI-1.5Chlf show a new peak at λ = 721 nm (grey and blue traces in Figure 2C), the 
relative amplitude of which increases in the samples with 2.5 Chl f and 4 Chl f per PSI 
(green and red traces in Figure 2). The DAS3 lifetime increases only slightly at increasing 
Chl f content (from 40 to 60 ps, see Table 2), indicating that the Chls f molecules are very 
well connected to the reaction center (RC) and that trapping still occurs very efficiently.  
DAS4 (Figure 2D) has a very small amplitude and a lifetime of about 4 ns for all 
samples (Table 2). It represents the contribution of disconnected Chls a (max at ~680 nm) 
and possibly Chl f (max at ~720 nm).   
The presence of Chl f in the PSI complexes results in an increased average lifetime 
τavg (Table 2) in all samples with the exception of PSI-4Chlf. Despite the increase of τavg, in 
all samples, the trapping is still very fast in comparison to the intrinsic decay kinetics of the 
pigments, and thus the quantum efficiency of CS ΦCS (Table 2) remains high.   
 




Figure 2. Decay associated spectra obtained from the global analysis. Time-resolved fluorescence emission 
measurements were performed at RT upon 400 nm excitation on the PSI samples. DAS are normalized to the T0  
spectrum of each sample. 
 
Table 2. Results from global analysis. Each dataset is normalized to the T0 spectrum. The average lifetimes τavg  
were calculated (disregarding the longest lifetime) with the formula τavg = Σ(τn*An)/ Σ(An). The quantum efficiency 






















PSI-0Chlf  20.3 4.5 58.1 16.5 17.6 35.2 4.0 4.74 17.4 99.6 
PSI-1Chlf 18.3 5.7 66.8 18.1 13.6 42.4 1.4 6.09 19.1 99.5 
PSI-1.5Chlf 14.8 5.2 68.0 18.9 12.4 47.1 4.8 3.84 20.4 99.5 
PSI-2.5Chlf 21.7 5.9 54.8 18.6 19.7 61.0 3.8 4.46 24.4 99.4 
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Target Analysis  
To understand better how the insertion of Chl f influences EET and trapping kinetics within 
the new hybrid PSI complexes, all datasets were simultaneously subjected to a target 
analysis.  
The kinetic model was based on the isolated PSI core model,40,93,231 consisting of 
two compartments to describe the bulk and red Chls a (respectively, black and red boxes in 
Figure 3A). An extra compartment was included in the model to account for a small amount 
of disconnected/free Chl a pigments (blue box in Figure 3A). These three compartments 
were used to describe the PSI-0Chlf sample. As in the global analysis the maximum of 
DAS3 is at the same position as in DAS2 and its intensity is relatively small, only one 
compartment was used for the red Chls a. For the PSI complexes containing Chl f, two 
additional compartments were required: one representing Chl f connected to the bulk Chl a 
compartment and a second one representing the small amount of free Chl f (respectively, 
magenta and green boxes in Figure 3A), observed in the global analysis. Trapping was only 
allowed to occur from the bulk compartment and, as it was assumed that no Chl f was 
inserted in the RC, the trapping rate kT was set to be equal for all samples. The decay rates 
of the PSI red and the free Chl f compartments were set to be equal to the intrinsic decay 
rate of free Chl a ki = 0.2 ns–1 because the excited-state lifetime of Chl f in solvents is very 
similar to that of Chl a.233 The amplitudes of the species associated spectra (SAS) for the 
red and the Chl f compartments were set to zero below 685 nm and 690 nm, respectively. 
Equal area constraints for the area under each SAS were applied and the spectrum of free 
Chl f was assumed to be equal to the SAS of Chl f within the complex. The area of the Chl f 
SAS is expected to be very similar to the one of Chl a, because the extinction coefficients 
of the two Chls were found to be almost the same.203 Although the position of Chl f 
emission band (721 nm) is very close to that of the pigment in solvent (Pyridine233), we 
cannot exclude the possibility that the spectrum of Chl f bound to the protein differs from 
that of the pigment in the buffer solution. However, as the concentration of free Chl f is 
very low and its fluorescence decay is much longer than the energy trapping in the PSI RC, 
it will not have a large effect on the calculations. Moreover, the free Chl f signal observed 
in DAS4 of the global analysis Figure 2D) peaks at a comparable position with the bound 
Chl f (Figure 2C, Figure 1B). In the fit it was assumed that the insertion of Chl f did not 
affect the red Chl a forms, that is, the energy transfer rates k1 and k2 between the bulk and 
red compartments were assumed to be equal among the samples. Only for the PSI-4Chlf 
sample these rates had to be adapted slightly. This assumption is supported by the Chl f 
emission bands at λ = 721 nm in the steady-state emission spectra (Figure 1B) and DAS3 
from the global analysis (Figure 2C). The increasing amplitude of this band indicates the 
integration of a different number of Chl f molecules in the complexes. However, the central 
wavelength of the band is independent on the number of integrated Chl f, indicating a 
similar environment of all inserted Chls f. Moreover, this central wavelength is very similar 
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to that of Chl f in solvent (Pyridine233). If a Chl f would replace one of the red Chls a the 
strong interaction between Chls is expected to result in a significantly more red shifted 
band (>720 nm). Although the fractional binding stoichiometry of PSI-1.5Chlf and        
PSI-2.5Chlf indicate that these samples contain heterogeneous populations of complexes 
with different amounts of Chl f, they can still be described with a homogeneous kinetic 
model as the physiochemical environment of the integrated Chls f is very similar.    
As demonstrated in Figure S4, this kinetic model fits the datasets very well, and 
the additional emission attributable to Chl f is well visible. The estimated SAS resulting 
from the simultaneous fit of all the samples are displayed in Figure 3B and the estimated 
kinetic rates are listed in table S1. The decay rate of the bulk compartment from which CS 
occurs was estimated to be kT = 64 ns-1, which is similar to the trapping rates reported 
before for isolated PSI.40,93,234,235 The first SAS (black) represents the spectrum of the bulk 
Chl a, peaking at 690 nm. The SAS for the Red Chl a (red) and Chl f (magenta) 
compartments are well separated. The SAS of the Red compartment is centered at 715 nm, 
which is in agreement with the emission of the most red forms of Synechococcus 7002.236 
The spectrum is also broader than that of the other compartments, which is a typical 
property of the spectra of the far-red forms.93,235,236 The emission spectrum of the Chl f 
(magenta) compartment  peaks at 723 nm, which matches the wavelength of the red band 
seen in the RT emission spectra of PSI-2.5Chlf and PSI-4Chlf (Figure 1B). The increasing 
Chl f content results in an increase in the energy transfer rates k3 and k4 between the bulk 
and Chl f compartments (Table S1) with the equilibrium shifting to the latter one. The free 
Chl a SAS (blue) peaks at 678 nm with a distinct long vibrational band in the red. The 
amounts of free Chls a and f in all samples are listed in Table S2 (see Supplemental 




Figure 3. Target analysis of the Chl f-containing PSI samples. Model used for the simultaneous target analysis 
of all datasets from Chl f-containing PSI samples (A). The full model is shown in supplemental information 
(Figure S3). Estimated SAS of Bulk Chl a, Red Chl a, Chl f and free Chls a and f (B). 
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The time dependence of the concentrations of each compartment for the different samples is 
given by the amplitude matrices, which are displayed in Table 3. The matrix shows the 
lifetime and corresponding amplitudes of the population (negative amplitude) and 
depopulation/decay (positive amplitude) of each compartment.94,231,235 When focusing on 
the Red and Chl f compartments, it is seen that in all samples the first lifetime component 
of around 7 ps represents energy transfer from bulk to red Chls and a minor portion of the 
Chl f. The second component of 15–20 ps encompasses two major events, namely              
i) trapping of the energy from the Red compartment and ii) population of the Chl f from the 
bulk. This energy, and the remaining energy from the red Chls, is trapped in ~45 ps (third 
component). As expected the amplitudes of the Chl f compartment increase with the 
increase in Chl f content. Because the trapping time of ~45 ps is still much faster than the 
natural fluorescence decay time of Chl (4–5 ns), the depopulation of PSI excited states 
almost exclusively occurs by CS. The percentages of excitation trapped slowly were 
calculated from these depopulation amplitudes and are listed in Table 3. In contrast to the 
global analysis, in this target analysis the contribution of the Red Chls a and Chls f can be 
resolved and quantified completely. In Table 3, the amplitude of the Chl f decay with       
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Amplitude compartment Trapped 
slowly 
  Red Chl f Bulk Chl 
 
PSI-0Chlf 
7.18 -0.204 - 0.375  
20.8 0.199 - 0.593  
- - - - 0% 
PSI-1Chlf 
7.14 -0.210 -0.005 0.396  
20.1 0.201 -0.031 0.583  
46.4 0.005 0.036 0.020 3.5% 
PSI-1.5Chlf 
7.07 -0.205 -0.015 0.401  
17.1 0.122 -0.095 0.296  
26.2 0.078 0.110 0.274 10.8% 
PSI-2.5Chlf 
6.90 -0.207 -0.041 0.445  
16.7 0.177 -0.147 0.417  
44.2 0.027 0.186 0.115 18.2% 
PSI-4Chlf 
4.55 -0.211 -0.023 0.329  
15.1 0.174 -0.191 0.523  




To address how photosynthetic efficiency is affected by the presence of far-red-absorbing 
chlorophylls in engineered systems, we characterized PSI complexes differing in the 
number of Chl f molecules. In these complexes, a Chl f content up to 4% could be reached 
in optimized growth conditions (Table 1),142 which represents 50% of the Chl f content in 
the PSI of FaRLiP cyanobacterial strains when they are grown in FRL.130,138 It should be 
noted that while in the FaRLiP strains the Chls f are associated with paralogs of the PSI 
subunits only expressed in FR light, in the Synechococcus 7002 strains, they are associated 
with the WT proteins of this model cyanobacterium. The successful integration of Chl f into 
the PSI complexes of this cyanobacterium that normally contain only Chl a, under different 
conditions,142 resulted in hybrid complexes with increased far-red absorption and emission 
(Figure 1).  
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The results presented here show that the Chl f pigments are functionally connected 
to the other pigments in the complexes. As expected, the low-energy states of the Chl f 
pigments function as local traps with a trapping rate that is approximately two and a half 
times lower than the trapping from the red Chl a molecules. As a result, the overall trapping 
time in the Chl f-containing PSI is longer than in the WT complexes, but it is still far 
shorter than that the intrinsic decay processes of the pigments, assuring a high trapping 
efficiency (99.4% or greater).  
 Target analysis supports the view that the presence of Chl f does not substitute the 
far-red Chl a forms in any of the samples. In agreement with Kurashov et al.139, our data 
also suggest that the Chl f pigments in these hybrid PSI-Chlf complexes are not associated 
with the electron transport chain (ETC) in the RC subdomain: if Chl f would be present in 
the ETC, no Chl f fluorescence would be emitted, while Chl f emission is observed in all the 
samples and its intensity increases with the number of Chls f associated with the complexes 
(Figure 1B-2C).  
Notably, the Chls f bound to the PSI subunits of Synechococcus 7002 are not as 
red-shifted as the Chls f bound to the PSI subunits of FaRLiP cyanobacteria expressed 
under FRL,141 which extend the absorption region to approximately 800 nm.138,139,142 
However, the addition of a small number of Chls f in the Synechococcus 7002 PSI 
complexes with WT sequence still permits to extend the photosynthetically active radiation 
up to 750 nm. In the complexes analysed in this work the enhancement in FRL absorption 
>700 nm is limited up to 7% of the total Qy absorption (λ = 600–750 nm) (Figure 4A, red). 
Although this enhancement is rather small, it can have a large effect in FRL-enriched 
environments. To quantify this effect, we calculated the wavelength distribution of the 
photons absorbed by the PSI complexes (Awl) at the bottom of a dense plant canopy87,132 
(Figure 4). The effective absorption of the PSI complexes in this environment is calculated 
by i) normalizing the absorption spectra of Figure 1A to their respective area (total Qy 
absorption, range λ = 600–750 nm, Figure 4A, black and red) and (ii) multiply these 
normalized spectra with the irradiance spectrum of the light under the leaf canopy (Figure 
4A, blue). In the resulting spectra (Figure 4B), showing the light that is absorbed by the PSI 
complexes under a dense plant canopy, the absorption in the far-red significantly increases 
with the number of integrated Chl f. From these spectra, the share of absorbed far-red 
photons is calculated by Awl>700nm = ∑ A𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙750700  / ∑ A𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙750600 . Similarly, Awl>700nm was calculated 
for the complexes in unshaded sunlight (Figure 4A, magenta).87,132 The absorption 
enhancement due to Chl f is quantified by comparing the absorption of the Chl f-containing 
complexes with that of PSI-0Chlf (RAbs = (∑ A𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙750600 − ∑ A𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙750600 (PSI-0Chlf))/
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Table 4. Enhancement of light absorption of Chl f-containing  PSI under a leaf canopy. Share Awl>700nm of 
absorbed far-red (>700 nm) photons from the total Qy absorption (λ = 600–750 nm) in unshaded sunlight 
(daylight) and under a dense leaf canopy (canopy). Resulting enhancement RAbs in the total absorption under a 






RAbs   
canopy (%) 
PSI-0Chlf 3.57 32.1 +0 
PSI-1Chlf 3.73 34.7 +3.50 
PSI-1.5Chlf 4.54 41.3 +14.5 
PSI-2.5Chlf 5.47 47.1 +26.2 




Figure 4. Light absorption of PSI under a leaf canopy. A) Absorption spectra of PS-0Chlf (black) and         
PSI-4Chlf (red) normalized to the total Qy absorption (λ = 600–750 nm) and relative spectral photon fluence 
(irradiance) of unshaded sunlight (daylight) and light filtered by a dense leaf canopy (canopy) taken from Gan and 
Bryant.132 B) Wavelength distribution Awl of photons absorbed under a dense plant canopy by the PSI complexes. 
 
Under the shade of a dense plant canopy a significant part of CS events would be caused by 
far-red photons (Figure 4B), as plants absorb little  light >700 nm1,87 (Figure 4A, blue). 
Here more than half of the red light absorbed by the 4 Chl f pigments (3.8%) is FRL  
(Figure 4B, Table 4), leading to a 50% increase in total light energy absorption compared to      
PSI-0Chlf (Table 4). Obviously, increasing the number of Chl f molecules by a factor of 
two and shift their absorption further to the red to achieve the properties typically observed 
in FRL-PSI complexes of FaRLiP cyanobacteria would produce a much greater impact on 
photosynthesis by leaves beneath the canopy.  
In conclusion, these results, together with those of Kurashov et al.139 provide 
positive feedback for enhancing light-harvesting in crop plants by extending the solar 
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spectrum for photosynthesis via Chl f expression.71,72 This could be possible by the 
heterologous expression of only the Chl f synthase gene since PSI proteins that have 
evolved to bind only Chl a are nevertheless able to accommodate Chl f. However, to 
achieve optimal FRL utilization, extending the absorption to 800 nm, further and careful 
engineering of protein subunits of the native photosynthetic complexes would be required. 
Furthermore, in order to know how the integration of Chl f in the photosynthetic apparatus 
affects the energy uptake and efficiency of the whole photosynthetic process, will be vital 
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Figure S1. Fluorescence emission spectrum of isolated PSI complexes at 77 K with 500 nm excitation. 
 
Figure S2. Streak fluorescence powerstudy on PSI-4Chlf. Kinetics of integrated spectrum with 400 nm 
excitation, using different powers. For all samples an excitation power of 200 µW was used. 
 
Supplemental Methods S1 
Initial excitation is done in the Soret region (λexc = 400 nm). These Soret states initially 
containing all excitations are combined in the Precursors compartment (Figure S3), which 
contains all states that transfer energy on timescales that are faster than we can resolve with 
the time resolution of the instrument. From this compartment the bulk, free Chl a and free 
Chl f compartments are populated on a picosecond timescale. Excitations within the PSI 
complexes were assumed to be all in the bulk compartment initially. In the analysis the 
energy transfer rate towards the bulk compartment was fixed at kbulk = 4500 ns–1 for all 




were fitted for each dataset. 
These three rates could be used to determine the amounts of free Chls a and f in each of the 
samples, which are listed in Table S2.  
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Figure S3. Complete kinetic model used for target analysis. The compartment for the precursors, representing 
the Soret states that are initially excited, is included.   
 
Table S1. Rate constants from the target analysis. Rate constants obtained in the simultaneous target analysis of 
the datasets of all PSI samples. Trapping rate kB and the rates k1 and k2 between Bulk and Red compartments were 
assumed to be the same in all samples, except for sample PSI-4Chlf (see text). The population rate of the Bulk 
compartment kBulk was fixed at 4500 ns–1 (<1 ps) for all samples. 
 
Sample k


































PSI-0Chlf  64.1 18.9 104.2 - - 215.5 0 
PSI-1Chlf  64.1 18.9 104.2 1.5 22.2 84.3 4.1 
PSI-1.5Chlf  64.1 18.9 104.2 3.6 47.0 200.1 18.9 
PSI-2.5Chlf  64.1 18.9 104.2 10.7 29.0 166.7 35.3 
PSI-4Chlf  64.1 33.6 167.2 13.2 30.1 162.4 42.0 
 
Table S2. Initial populations of target model compartments. Estimated relative initial populations of the 
compartments from the precursors, calculated with the formula kComp/(kBulk+kFa+kFf).  
 
Sample Bulk Free Chl a Free Chl f 
PSI-0Chlf  95.1% 4.9% 0% 
PSI-1Chlf  98.1% 1.8% 0.1% 
PSI-1.5Chlf  95.4% 4.2% 0.4% 
PSI-2.5Chlf  95.7% 3.5% 0.8% 









Figure S4. Fit quality for the target model of PSI-0Chlf and PSI-2.5Chlf. Emission at 30 wavelengths 
(indicated in the ordinate label) after 400 nm excitation at RT. Key: PSI-0Chlf data (grey), PSI-2.5Chlf data 
(orange). Black and red lines indicate the simultaneous target analysis fit. The time axis is linear until 40 ps and 
logarithmic thereafter. Note that at each wavelength, both traces are scaled to the joint maximum. The additional 
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Oxygenic photosynthesis is the fundamental process by which sunlight energy is stored as 
chemical energy in organic compounds and oxygen is released in the atmosphere. It starts 
with the capture of a photon by one of the pigments embedded within one of the two 
photosystems, Photosystem I (PSI) or II (PSII). These photosystems are large assemblies of 
many pigments held together by the protein scaffold (Introduction, Figure 2). The 
absorption of the photon brings the pigment to an electronic excited state. The excitation 
energy is then transferred from pigment-to-pigment to the reaction center (RC) of the 
photosystem, where it is used to perform charge separation (CS). The pigment-to-pigment 
energy transfer within photosynthetic complexes occurs on a very fast, femtosecond (fs,  
10-15 second) to picosecond (ps, 10-12 second) timescale, which ensures that the 
photosystems are extremely efficient in using the energy for charge separation. In this 
thesis, aspects of the light-harvesting of photosynthetic pigment-protein complexes were 
investigated. The spectroscopic properties (absorption, emission) and energy-transfer 
processes were studied with a variety of different techniques, including advanced ultrafast 
time-resolved spectroscopic methods (two-dimensional electronic spectroscopy (2DES) and 
time-resolved fluorescence spectroscopy). In these time-resolved experiments, the 
complexes are excited with ultrashort (fs temporal width) pulses of light, after which the 
optical response (photon-echo, fluorescence) is monitored in time. By measuring these 
signals, excitation energy transfer (EET) and energy trapping within these complexes can 
be determined. 
Oxygenic photosynthesis is mainly powered by visible light in the 400–700 nm 
range. Expanding the absorption range to 750 nm would result in 19% more photons 
available for photosynthesis [Chen, M. & Blankenship, R. E. (2011) Trends Plant Sci., 16, 
427–431]. Moreover, improved far-red light-harvesting can be advantageous in shaded 
environments. For these reasons extention of the absorption beyond the 400–700 nm range 
is an important approach in the global aim to improve crop productivity to meet the 
increasing global demands for food production. This thesis focuses on the far-red          
light-harvesting properties of PSI from higher plants and cyanobacteria. The aim is to 
understand underlying aspects that are important for far-red light (700–800 nm) absorption 
and EET within PSI. These aspects can be useful to enhance the far-red light-harvesting in 
photosynthesis of other organism, such as plants. 
The harvesting of far-red light by PSI is performed by characteristic low-energy 
chlorophylls (Chls) a, referred to as “red forms”. The red forms originate from the mixing 
of the lowest exciton state of a strongly coupled Chl a dimer/trimer with a charge-transfer 
(CT) state. Because they are lower in energy than the RC, red forms can act as local traps 
for excitation. The uphill energy transfer from these states to the other Chls (including the 
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RC) is relatively slow (~20–50 ps) and these states therefore significantly influence the 
EET towards the RC in the core. 
In plants, the red forms are located in the light-harvesting complexes Lhca3 and 
Lhca4 (Introduction, Figure 3). The presence of these forms results in increased 
complexity of the energetic landscapes of the complexes. Moreover, the red forms are very 
sensitive to the surrounding environment and fluctuations in the flexible Lhca protein 
scaffold. Hence, the mixing of the CT state with the excitonic manifold and its 
consequences for the EET dynamics are not fully understood yet.  
In Chapters 2 and 3, the exciton-CT mixing underlying the red forms of Lhca4 
and the resulting energy-transfer dynamics within the complex are studied in more detail by 
means of 2DES. In Chapter 2, we show that the red forms are populated from the 
surrounding Chls on three different timescales. By comparing the measured 2DES 
dynamics with those predicted from a recently constructed theoretical model of Lhca4, the 
underlying energy transfer pathways towards the red forms were identified. The slowest 
energy transfer step involves a newly identified low-energy trap on the luminal side of the 
complex. Moreover, the experimental results support the physical description of the red 
forms used in the theoretical model of Lhca4. The CT state has to be treated as dynamically 
localized, which means it is neither fully localized nor completely mixed with a Chl a 
exciton state (forming exciton-CT states). This emphasizes the complexity of this particular 
system. 
The theoretical model predicts that exciton-CT mixing  occurs near the crossing 
point of the potentials of the respective exciton and CT. The coherent mixing of the Chl a 
exciton and CT states, underlying the Lhca4 red forms, can result in additional routes for 
ultrafast energy transfer towards the CT state and PSI core. The mixing of these states was 
observed directly in the 2DES experiment. In Chapter 3, the coherent mixing of 
electronic/vibronic/vibrational states within Lhca4, and their relation to the red forms are 
further investigated. By comparing the results of four Lhca4 mutants with different degrees 
of exciton-CT mixing, the vibronic coherences underlying the red forms were successfully 
identified. Excitation of several Chl vibrational modes promotes the creation of these 
coherences, providing additional routes for ultrafast energy transfer pathways towards the 
core. 
In Chapter 4, we study a set of PSI core complexes from cyanobacteria capable of 
employing the Far-Red Light Photoacclimation (FaRLiP) mechanism. Under far-red light 
(FRL), the conventional PSI is replaced by a new FRL-specific complex (FRL-PSI). 
Besides the low-energy red Chl a, this complex also binds the red-shifted pigment 
chlorophyll f (Chl f). We investigate the effect of the insertion of these new low-energy 
pigments on the spectroscopic, EET, and trapping properties of  FRL-PSI. The red Chls a, 
which are retained in the new complex, and the additional low-energy Chls f cause a very 
broad (up to almost 800 nm) and enhanced FRL absorption in FRL-PSI compared to the 
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conventional PSI. The EET from the Chl f states to the RC occurs exceptionally fast, and 
even at cryogenic temperature (where uphill EET is suppressed) the energy is successfully 
transferred from low-energy Chl f states to the RC. In Chapter 4, we propose a mechanism 
that can reconcile these EET dynamics (and those reported in previous literature) with the 
recent structural data that exclude the insertion of a Chl f pigment within the RC.   
The integration of Chl f in the photosystems by the FaRLiP mechanism is a very 
interesting natural example on how to effectively enhance the far-red light-harvesting 
capacity of photosynthetic complexes. Hence, the introduction of Chl f in photosynthetic 
complexes is a promising strategy to enhance the far-red light-harvesting in oxygenic 
photosynthesis of plants and other (non-FaRLiP) organisms. In Chapter 5, we investigate 
PSI complexes from the non-FaRLiP cyanobacterial strain Synechococcus sp. PCC 7002 in 
which Chl f has been successfully integrated. These (Chl a/Chl f) hybrid PSI complexes 
contain up to four Chls f, extending the absorption up to 750 nm. The results show that the 
Chls f are well connected to the other pigments and the RC, assuring that the fast EET and 
high PSI trapping efficiency are retained. Under the shade of a dense plant canopy, which is 
enriched in far-red light, the presence of these Chls f leads to a 50% increase in the total 
light absorption compared to conventional PSI. This provides positive feedback for 
enhancing light-harvesting in crop plants by this strategy. Notably, the far-red light-
harvesting properties of the hybrid Chl f-containing PSI differ significantly from those of 
the natural FaRLiP FRL-PSI complexes from Chapters 4. Careful engineering of protein 
subunits of the native PSI complexes would be required for optimal FRL utilization of the 
hybrid complexes, leading to an extension of the absorption up to 800 nm. 
In this thesis, we have investigated aspects of the far-red light-harvesting 
properties of Photosystem I in oxygenic photosynthesis. The chapters contain several 
insights that can be generally important in the goal to enhance the far-red light-harvesting 
abilities of photosynthetic complexes. The integration of new low-energy states, such as 
from long-wavelength Chls or new Chl a red form states, is a viable strategy to enhance the 
absorption of far-red light of these complexes. However, additional alterations to the     
light-harvesting mechanism may be required to obtain a highly efficient complex with 
optimally enhanced far-red light absorption. Notably, as shown by the investigated natural 
(LHCI and FRL-PSI) and artificial (Chl f-containing hybrid PSI) complexes the protein 
scaffold is a determining factor in optimization of the far-red light-harvesting properties of 
photosynthetic complexes. Conclusively, in this thesis we provide several important lessons 










Fotosynthese is het fundamentele proces waarin lichtenergie van de zon wordt opgevangen 
en als chemische energie opgeslagen in koolhydraten, zoals glucose. In oxygene 
fotosynthese komt bij dit proces als bijproduct zuurstof vrij. Oxygene fotosynthese begint 
met een pigmentmolecuul dat een lichtdeeltje (foton) absorbeert. Dit pigmentmolecuul is 
onderdeel van een van de twee fotosystemen, Fotosysteem I (PSI) of Fotosysteem II (PSII). 
Fotosystemen zijn enorme eiwitcomplexen waarin een grote hoeveelheid pigmenten zijn 
gebonden en bij elkaar worden gehouden (zie Introduction, Figure 2). Als een pigment de 
energie van het foton opneemt, komt het foton in een geëxciteerde of aangeslagen toestand. 
Doordat de pigmenten in fotosystemen heel dicht bij elkaar zitten, kan de energie van een 
aangeslagen pigment naar een naastgelegen pigment worden overgedragen. Dit proces 
wordt excitatie-energie-overdracht genoemd. Via dit mechanisme wordt de energie van 
pigment naar pigment naar het reactiecentrum van het fotosysteem getransporteerd, dat  
wordt gevormd door een speciaal groepje pigmenten. Het reactiecentrum gebruikt de 
excitatie-energie voor ladingsscheiding, waarbij een elektron wordt losgemaakt. Dit 
elektron wordt gebruikt in de verdere stappen van fotosynthese en uiteindelijk voor de 
reductie van koolstofdioxide tot suikers. Doordat de energie-overdracht van de pigmenten 
naar het reactiecentrum heel snel gebeurt, in femtoseconden (fs, 10-15 seconden) tot 
picoseconden (ps, 10-12 seconden), zijn de fotosystemen heel efficiënt en wordt bijna elke 
opgenomen foton gebruikt voor ladingsscheiding.  
 Dit proefschrift gaat in op hoe het oogsten van licht plaatsvindt, oftewel over de 
opname van fotonen door fotosynthetische pigment-eiwitcomplexen en hoe ze deze fotonen 
gebruiken in fotosynthese. De spectroscopische eigenschappen (absorptie, fluorescentie) en 
energie-overdracht zijn onderzocht met een combinatie van verschillende technieken, 
waaronder geavanceerde tijdsopgeloste optische spectroscopie. Hierin worden de 
complexen met een hele korte lichtpuls geëxciteerd, waarna de spectroscopische eigenschap 
(bijvoorbeeld absorptie of emissie) op deze kleine tijdschalen kan worden gevolgd. Door 
deze spectroscopische eigenschappen te meten kunnen de energie-overdracht in deze 
complexen en de efficiëntie waarmee de lichtenergie wordt gebruikt voor fotosynthese 
worden onderzocht.  
 Het deel van het zonnespectrum dat wordt gebruikt voor fotosynthese is het 
zichtbare licht, fotonen met golflengten van 400 nm (violet) tot 700 nm (rood). Als dit 
bereik uitgebreid zou worden naar licht tot 750 nm (rood tot ver-rood), dan zouden 19% 
meer fotonen beschikbaar zijn om opgenomen en gebruikt te worden voor fotosynthese 
[Chen, M. & Blankenship, R. E. (2011) Trends Plant Sci., 16, 427–431]. Daarnaast kan een 
hogere absorptie en efficiënt gebruik van ver-rood licht voordelig zijn voor fotosynthese in 
schaduwrijke omgevingen. De uitbereiding van het lichtspectrum dat geabsorbeerd en 
gebruikt kan worden voor fotosynthese is hierom een belangrijke strategie in het 




verhogen. Dit is belangrijk om te kunnen voldoen aan de toenemende wereldwijde vraag 
naar voedsel. In dit proefschrift bestudeer ik de eigenschappen van het oogsten van          
ver-rood licht door PSI uit planten en cyanobacteriën. Het doel van dit werk is om meer te 
weten te komen over belangrijke aspecten van het verbeteren van de absorptie en    
excitatie-energie-overdracht van ver-rood licht (700–800 nm) in PSI. Deze kennis kan 
nuttig zijn om de capaciteit voor het oogsten van ver-rood licht door fotosynthetische 
organismen, zoals planten, te vergroten. 
 PSI oogst ver-rood licht met kenmerkende chlorofyl a (Chl a) pigmenten met een 
lage energie, ook wel rode vormen genoemd. Deze rode vormen worden veroorzaakt door 
het mengen van een exciton (geëxciteerde toestand gedeeltelijk/geheel gedelokaliseerd over 
twee of meerdere pigmenten) van een sterk gekoppeld Chl a dimeer/trimeer met een  
lading-overdracht (CT) toestand. Omdat deze toestanden een lagere energie hebben dan de 
meeste andere chlorofyllen, inclusief die in het reactiecentrum, kunnen ze fungeren als 
gelokaliseerde vallen (zogenaamde traps) voor de excitaties.  De energie-overdracht uit 
deze vallen, van een energetisch lage naar een energetisch hoge toestand (bergopwaarts), is 
moeilijk en relatief langzaam (ongeveer 20–50 ps). Daardoor zijn de rode vormen van grote 
invloed op de excitatie-energie-overdracht naar het reactiecentrum en de efficiëntie van PSI 
voor ladingsscheiding. 
 In planten bevinden de rode vormen zich in de licht-oogstende antennecomplexen 
Lhca3 en Lhca4 (Introduction, Figure 3). Deze complexen zijn onderdeel van het grotere 
PSI licht-oogstende antenne-supercomplex, light-harvesting complex I (LHCI, bestaand uit 
vier Lhcas). De rode vormen zorgen voor extra complexiteit in de energetische 
landschappen van deze complexen. Ze zijn erg gevoelig voor fluctuaties in de omgeving en 
in de flexibele eiwitstructuur. Hierdoor zijn er nog een aantal aspecten onduidelijk over het 
mengen van de CT toestand met het energetisch landschap en de gevolgen voor de 
excitatie-energie-overdracht. 
 De hoofdstukken 2 en 3 gaan over de onderliggende fysische oorzaken die tot de 
rode vormen leiden, namelijk het mengen van het exciton en de CT toestand, in het licht-
oogstend complex Lhca4. Met behulp van tweedimensionale elektronische spectroscopie 
bestuderen we het mengen van deze toestanden en de effecten hiervan op de excitatie-
energie-overdracht. In Hoofdstuk 2 laten we zien dat excitatie-energie van de verschillende 
omliggende chlorofyllen op drie verschillende tijdschalen wordt overgedragen aan de rode 
vormen. Door de experimentele resultaten te vergelijken met resultaten die zijn uitgerekend 
met een theoretisch model van het complex, hebben we de verschillende paden van energie-
overdracht naar de rode vormen kunnen identificeren. We vonden een nieuwe laag-
energetisch geëxciteerde toestand, waarvan de energie heel langzaam wordt overgedragen 
naar de rode vormen. Daarnaast ondersteunen de experimentele resultaten de fysische 
beschrijving van de rode vormen zoals die is gebruikt in het theoretische model. In deze 
beschrijving is de CT toestand dynamisch gelokaliseerd. Dit betekent dat de deze toestand 
niet volledig gemengd is met een Chl a exciton, maar ook niet helemaal gelokaliseerd 
(ongemengd) is.  
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Ondanks dat de CT toestand niet volledig mengt met het exciton, vindt er volgens 
het model wel degelijk menging van de toestanden plaats onder bepaalde omstandigheden, 
namelijk als de excitaties in de buurt zijn van waar de potentiaal-energie-oppervlakken van 
de twee toestanden elkaar kruisen. Deze gemengde toestanden, die de rode vormen van 
Lhca4 veroorzaken, kunnen fungeren als alternatieve routes voor energie-overdracht naar 
de CT toestand en verder naar de kern van PSI. In Hoofdstuk 3 bestuderen we de coherente 
menging van elektronische/vibronische (elektronisch-vibrationeel gekoppelde)/vibrationele 
geëxciteerde toestanden in Lhca4 en onderzoeken we in welke mate deze gerelateerd zijn 
aan de rode vormen. Voor dit onderzoek zijn de resultaten van Lhca4 vergeleken met drie 
gemuteerde (genetisch gemodificeerde) complexen waarin de rode vormen zijn aangepast. 
Dit resulteerde in de identificatie van de vibronische coherenties die gerelateerd zijn aan de 
rode vormen. De CT toestand en het exciton zijn gekoppeld via meerdere chlorofyl 
vibrationele modi. Excitatie van deze prominente vibraties bevordert het ontstaan van 
gemengde exciton-CT toestanden. Deze toestanden kunnen fungeren als alternatieve routes 
voor energie-overdracht naar de kern. 
 In Hoofdstuk 4 bestuderen we een serie PSI-kern (PSI-core) complexen van een 
groep cyanobacteriën die gebruik kunnen maken van het ver-rood licht foto-acclimatie 
proces (FaRLiP). Onder invloed van ver-rood licht wordt door dit mechanisme het 
conventionele PSI eiwitcomplex vervangen door een alternatief, ver-rood-specifiek PSI 
complex (FRL-PSI), dat meer ver-rood licht op kan nemen. Naast de Chl a rode vormen 
bevat dit complex ook lange-golflengte chlorofyl f (Chl f) moleculen. In dit hoofdstuk 
bekijken we wat voor effect de introductie van Chl f in het PSI-complex heeft op de 
spectroscopische eigenschappen en de excitatie-energie-overdracht in het complex. De Chl 
a rode vormen, onaangetast in FRL-PSI, en extra laag-energetische toestanden van Chl f, 
veroorzaken een hele brede en verhoogde absorptie van ver-rood licht door FRL-PSI in 
vergelijking tot het conventionele PSI. De energie-overdracht van de Chl f moleculen naar 
het reactiecentrum in FRL-PSI is ongewoon snel. Zelfs bij een hele lage temperatuur 
(cryogene temperatuur van 77 Kelvin, waar de bergopwaartse energieoverdracht wordt 
onderdrukt) wordt de energie met succes getransporteerd van de laag-energetische 
toestanden van Chl f naar het reactiecentrum. In Hoofdstuk 4 stellen we een mechanisme 
voor, waarin de energie van de Chl f pigmenten snel wordt overgedragen aan een nieuwe 
laag-energetische CT toestand in het reactiecentrum. Dit mechanisme kan de bevindingen 
over de efficiënte energie-overdracht verklaren met inachtneming van recente resultaten 
van de structuur, waarin wordt uitgesloten dat Chl f in het reactiecentrum wordt 
geïntegreerd.       
 De integratie van Chl f in de fotosystemen door het FaRLiP mechanisme is een 
interessant voorbeeld uit de natuur van hoe de capaciteit van de fotosystemen om ver-rood 
licht te kunnen absorberen, en dit efficiënt te gebruiken voor fotosynthese, verhoogd kan 
worden. Hierom is de introductie van Chl f een veelbelovende strategie voor het verbeteren 
van het oogsten van ver-rood licht door fotosynthetische complexen van planten en andere 




FaRLiP cyanobacterium Synechococcus sp. PCC 7002, waarin Chl f geïntegreerd is. Deze 
(Chl a/Chl f) hybride complexen bevatten maximaal vier Chl f pigmenten per PSI complex 
(96 chlorofyllen), die het absorptiespectrum uitbreiden naar 750 nm. De Chl f zijn goed 
verbonden aan de andere chlorofyllen en het reactiecentrum. Hierdoor is de             
excitatie-energie-overdracht snel en wordt de hoge efficiëntie van het PSI complex 
behouden. Dit resultaat ondersteunt dat met deze strategie mogelijk ook de capaciteit voor 
het oogsten van ver-rood licht van planten uitgebreid en geoptimaliseerd kan worden. 
Onder een dicht bladerdek hebben de bovenliggende bladeren het meeste zichtbare licht al 
opgenomen en is daardoor de hoeveelheid ver-rood licht sterk verhoogd. De aanwezigheid 
van de kleine hoeveelheid Chl f zorgt ervoor dat de totale hoeveelheid opgenomen licht van 
de hybride complexen 50% hoger is dan van conventionele PSI in deze omgeving. 
Opmerkelijk is dat de spectroscopische eigenschappen van de Chl f-houdende hybride 
complexen behoorlijk verschillen van die van de FRL-PSI complexen van de FaRLiP 
cyanobacteria uit Hoofdstuk 4. Dit laat zien dat voor een optimale ver-rood lichtopname en 
-gebruik nauwkeurige veranderingen in de eiwitstructuur van de hybride complexen nodig 
zijn. Hierdoor zou het absorptiespectrum van de complexen verder uitgebreid kunnen 
worden, naar 800 nm.   
 In dit proefschrift heb ik verschillende aspecten van de eigenschappen van het 
oogsten van ver-rood licht van PSI in oxygene fotosynthese onderzocht. De hoofdstukken 
bevatten een aantal inzichten die belangrijk kunnen zijn voor de doelstelling om de 
capaciteit voor het oogsten van ver-rood licht van fotosynthetische complexen te 
optimaliseren. De integratie van nieuwe laag-energetische toestanden, zoals van          
lange-golflengte chlorofyllen of nieuwe Chl a rode vormen, lijkt een haalbare strategie om 
de opname van ver-rood licht door deze complexen te verhogen. Om een efficiënt complex 
met eigenschappen van het oogsten van ver-rood licht te verkrijgen zijn er echter mogelijk 
aanvullende aanpassingen nodig aan het lichtverwervingsmechanisme. De bestudeerde 
natuurlijke (LHCI and FRL-PSI) en kunstmatige (Chl f-houdende hybride PSI) complexen 
laten zien dat de eiwitstructuren een bepalende factor zijn in de optimalisatie van de 
eigenschappen van het oogsten van ver-rood licht van de fotosynthese complexen. Tot slot 
zijn de bevindingen in dit proefschrift een goed uitgangspunt om de capaciteit voor het 
oogsten van ver-rood licht van andere fotosynthetische organismen te verhogen.    
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